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REMARKS 

Reconsideration of this application is respectfully requested. 

Claim 26 has been canceled. Upon amendment, claims 14-25 and 27-29 are 
pending in this application. 

Claim 26 was rejected under 35 U.S.C. § 1 12, first paragraph, as allegedly 
lacking an adequate written description. Claim 26 has been canceled. Accordingly, this 
rejection is moot. 

Claims 14-29 were rejected under 35 U.S.C. § 102(e) as allegedly being 
anticipated by Chang et al. (U.S. Patent No. 6,001,977). Claims 14-29 relate to nucleic 
acids that encode Nef protein of HIV-1 . The Examiner alleges that Chang discloses the 
claimed nucleic acids. The basis for the Examiner's rejection is that the difference 
between Chang's sequence and applicants' claimed sequence is about 2%. The 
Examiner concludes that this difference is meaningless, and that the sequences are 
identical since "the art recognizes that sequencing errors occur in a range between 
0.3% and 2.5%, as evidenced by Richterich (Genome Research (1998) 8:251-259)." 
(Paper No. 29 at 7.) Applicants traverse the rejection. 

Richterich (Exhibit 1 ) does not support the Examiner's position. Richterich does 
not suggest that the difference between applicants' claimed sequence and Chang's 
sequence is due to sequencing errors. Rather, Richterich estimates sequencing errors 
in "raw" DNA sequence data. (Richterich at 251, Title.) As Richterich explains, "raw" 
DNA sequence data refers to DNA sequences from "large-scale DNA sequencing" 
projects. (Id. at 251 , col. 1 , H 1 .) These are projects where, due to mass-production, 
many different DNA sequences are generated, but are not subject to any "polishing" by 
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further sequencing efforts. (See id. at 251 , Abstract.) In the context of these large- 
scale DNA sequencing projects, any "resequencing" or "assessments" is considered 
inefficient and a time delay. (Id.) Thus, the error rates of Richterich are based on these 
mass-production sequencing efforts, not on efforts to sequence a specific DNA clone 
where polishing, resequencing, and assessments are integral and essential parts of the 
sequencing effort. 

Nonetheless, even in these large-scale DNA sequencing projects, the 1.44 
million sequence bases with high quality scores (/.e, good quality sequence) contained 
only 237 errors, which is a very low error rate. (See id at 252, col. 1 , H 1 .) The 
Examiner has offered no reasons why error rates of "between 0.3% and 2.5%," as 
opposed to this substantially lower error rate (approximately 0.017%), should be 
applicable to Chang's sequences. Applicants note that there is no evidence of record 
that Chang's sequences are not good quality sequences. 

Moreover, neither applicants' sequencing nor Chang's sequencing were the type 
of large-scale DNA sequencing projects referred to by Richterich, and cannot be 
considered "raw" DNA sequences. Rather, applicants' and Chang's sequences are 
"polished" sequences, since "polishing" is an integral and essential part of any 
sequencing effort. (See, e.g., Current Protocols in Molecular Biology at 7.1.1. (Exhibit 
2) and Sambrook et al. at 13.20 (Exhibit 3).) 

Chang's sequences would be expected have much lower error rates than the 

large-scale DNA sequencing projects referred to by Richterich. For example, Chang 

describes the sequencing of HIV-1 DNA as follows: 

Genetic engineering methods are used to determine the nucleotide 
sequence of HTLV-III DNA. One technique that can be used to 
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determine the sequence is a shotgun/random sequencing method. 
HTLV-III DNA is sheared randomly into fragments of about 300-500 
bp in size. The fragments are cloned, for example, using ml3, and 
the colonies screened to identify those having an HTLV-III DNA 
fragment insert. The nucleotide sequence is then generated, with 
multiple analysis producing overlaps in the sequence. Both strands 
of the HTLV-III DNA are sequenced to determine orientation. 
Restriction mapping is used to check the sequencing data 
generated. 

('977 patent at 8, lines 28-39.) To assure a high quality of sequence, Chang indicates 
that the sequence is "polished" by having multiple analyses producing overlaps and 
sequencing both strands. Chang's HIV-1 sequences do not contain an intact nef orf. 
('977 patent at Fig.3.) 

Similarly applicants' sequences would be expected have much lower error rates 
than the large-scale DNA sequencing projects referred to by Richterich. Sequencing of 
applicants' HIV-1 clone is fully detailed in Wain-Hobson et al. (1995)(Exhibit 4). Wain- 
Hobson et al. states: "Each nucleotide was sequenced on average 5.3 times: 85% of 
the sequence was determined on both strands and the remainder was sequenced at 
least twice from independent clones." (Wain-Hobson et al. at 12, legend to Fig. 1.) 
Thus, applicants' sequence is a "highly polished" sequence. Applicants' HIV-1 
sequence contains an intact nef orf. (Specification at Fig 11-12 and Wain-Hobson et al. 
at 12, Fig. 1.) 

Sequencing the same region multiple times leads to higher accuracy. (Current 
Protocols in Molecular Biology at 7.1 .1 .) Also, sequencing both strands leads to higher 
accuracy. (Sambrook et al. at 13.20.) This additional resequencing was not done in 
Richterich, but was considered a time delay. Thus, Richterich's error rates of "between 



11 



F I N N EG AN 
HENDERSON 
FARABO W 
GARRETT & 
DUNNERkkP 

1 300 I Street, NW 
Washington, DC 20005 
202.408.4000 
Fax 202.408.4400 
www.f i nnegan .com 



Application Ser. No.: 08/308,218 

0.3% and 2.5%," are not applicable to a comparison of Chang's and applicants' 
sequences, which are not "raw" DNA sequences. 

Instead, one skilled in the art would have expected that both applicants' and 
Chang's "polished" sequences would have very low error rates. As Sambrook et al. 
explains: "When DNA sequencing is carried out carefully, the error rate is less than 
0.1%." (Sambrook et al. at 13.20.) There is no reason to believe that applicants' and 
Chang's sequencing were not performed carefully. Thus, the skilled artisan would have 
expected error rates of less than 0.1% for applicants' and Chang's sequences. With 
error rates of less than 0.1%, sequencing errors cannot explain the differences between 
applicants' and Chang's sequences. 

Furthermore, applicants submit herewith Ratner et al. (Exhibit 5) as objective 
evidence that the differences between applicants' and Chang's sequences are real. 
Ratner et al. resequenced Chang's clone BH10 (the sequence of which is shown in 
Figure 3 of the 6,001 ,977 patent) from both strands. (Ratner et al. at 59, 4.) Ratner's 
DNA sequence of BH10 is shown in Figure 1. (Ratner et al. at 60-61.) Similar to the 
sequence of BH10 in the '977 patent, Ratner's sequence of BH10 contains a stop codon 
at position 124 in the 206 codon 3' orf gene (i.e., nef). (Ratner et al. at 61 .) Ratner et 
al. indicates that few if any of the sequence differences shown in Figure 1 are likely to 
represent cloning artifacts or sequencing errors. (Ratner et al. at 59, 1f 4.) 
Consequently, Ratner et al. provides objective evidence that contradicts the Examiner's 
allegation that the differences between applicants' and Chang's sequences are due to 
sequencing errors. 
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Applicants were the first to identify the Nef orf (referred to as ORF-R by 
applicants) of HIV-1 . (Specification at 12, line 36.) Chang was unable to identify this 
reading frame since Chang's sequences did not contain the complete Nef orf because it 
contained a stop codon. Consequently, applicants' claimed nucleic acids cannot be 
anticipated by Chang. Accordingly, applicants respectfully request withdrawal of the 
rejection. 

Furthermore, the Examiner's contention that "formation of random fragments as 
taught by Chang will create the vectors irrespective of whether Chang was aware of the 
open reading frames or not" is unsupported. The Examiner appears to be relying on 
inherency to support this aspect of the rejection. However, inherency may not be 
established by probabilities or possibilities. Finnigan Corp. v. ITC , 51 U.S.P,Q.2d 1001, 
1009 (Fed. Cir. 1999) The mere fact that a certain thing may result from a given set of 
circumstances is not sufficient. Id. The Examiner has not established that the 
teachings of Chang will necessarily result in the claimed vectors. Thus, Chang cannot 
anticipate applicants' claimed invention. 

Applicants respectfully submit that this application is now in condition for 
allowance. In the event that the Examiner disagrees, he is invited to call the 
undersigned to discuss any outstanding issues remaining in this application in order to 
expedite prosecution. 
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Please grant any extensions of time required to enter this response and charge 

any additional required fees to our deposit account 06-0916. 

Respectfully submitted, 

FINNEGAN, HENDERSON, FARABOW, 
GARRETT & DUNNER, L.L.P. 



Dated: August 1 , 2003 By: 





Sa&atore J. Arn 
Registration No>46,063 
Telephone: 202-408-4160 
Facsimile: 202-408-4400 
E-mail: arrigos@finnegan.com 
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LETTER 

Estimation of Errors in "Raw" DNA 
Sequences: A Validation Study 

Peter Richterich 1 

Genome Therapeutics Corp., Waltham, Massachusetts 02154 USA 

As DNA sequencing is performed more and more in a mass-production-like manner, efficient quality control 
measures become increasingly important for process control, but so also does the ability to compare different 
methods and projects. One of the fundamental quality measures in sequencing projects is the position-specific 
error probability at all bases in each individual sequence. Accurate prediction of base-specific error rates from 
"raw" sequence data would allow immediate quality control as well as benchmarking different methods and 
projects while avoiding the inefficiencies and time delays associated with resequencing and assessments after 
"finishing*' a sequence. The program PHRED provides base-specific quality scores that are logarythmically 
related to error probabilities. This study assessed the accuracy of PHRED 's error-rate prediction by analyzing 
sequencing projects from six different large-scale sequencing laboratories. All projects used four-color 
fluorescent sequencing, but the sequencing methods used varied widely between the different projects. The 
results indicate that the error-rate predictions such as those given by PHRED can be highly accurate for a large 
variety of different sequencing methods as well as over a wide range of sequence quality. 



In DNA sequencing, knowledge about the accuracy 
of sequences can be very valuable. For example, dif- 
ferent large-scale sequencing projects may produce 
sequences at similar rates and costs but with signifi- 
cantly different error rates in the final sequence. 
One major determinant in the final error rate is the 
accuracy of the "raw" sequence. Knowledge about 
the frequency and location of errors in the raw se- 
quence data can help to direct "polishing" efforts to 
the places where additional effort is needed; it also 
enables the comparison between different sequenc- 
ing projects without requiring that the same region 
be sequenced in each project. 

Another area where estimates about sequence 
error rates would be beneficial is technology devel- 
opment. Accurate error estimates at each base would 
enable "quality benchmarking" between different 
methods, thus enabling researchers to choose the 
method that fills their needs for accuracy and 
throughput best. 

Several groups have developed mathematical 
models to predict the error probability at any given 
position in raw sequences. Lawrence and Solovyev 
used linear discriminant analysis to calculate sepa- 
rate probability estimates for insertions, deletions, 
and mismatches (Lawrence and Solovyev 1994). Ew- 
ing and Green (1998) developed the program 

1 E-MAIL peter.richterich®genomecorp.com; FAX (781) 893- 
9535. 



PHRED, which calculates a quality score at each 
base. This quality score q is logarithmically linked to 
the error probability p: g~ -10 x log 10 (p) (for a 
discussion of how quality scores are calculated and 
what the limitations are, see Ewing et al. (1998). 
When used in combination with sequence assembly 
and finishing programs that utilize these error esti- 
mates, reliable error probabilities promise to in- 
crease the accuracy of consensus sequences and to 
reduce the efforts required in the finishing phase of 
sequencing projects (Churchill and Waterman 
1992; Bonfield and Staden 1995). 

To examine the accuracy of probability esti- 
mates made by the program PHRED, we compared 
the actual and predicted error rates for six different 
cosmid- or BAC -sized projects that were produced 
by six different large-scale sequencing centers in the 
United States. All of these six projects used four- 
color fluorescent sequencing machines; however, 
the DNA preparation methods, sequencing en- 
zymes, fluorescent dyes and chemistries, and gel 
lengths varied significantly between the six groups. 
Table 1 gives an overview of the sequencing projects 
analyzed. Table 2 lists the different methods used. 

RESULTS 

Error Rate Prediction Accuracy for Six Projects 

A comparison of actual and predicted error rates for 
the six projects in this study is shown in Table 3, 
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Table 1. 


Summary of Data Sets 










Average 








aligned 






Aligned 


read 


Project 


Reads 


bases 


length 


A 


455 


416,214 


915 


B 


1277 


871,230 


682 


C 


1065 


603,655 


567 


D 


834 


414,595 


497 


E 


1638 


1,149,209 


702 


F 


1885 


907,796 


482 


Total 


7154 


4,362,699 


610 



The results indicate that PHRED is very successful in 
identifying bases with low error probabilities. For 
example, the 1.28 million bases with quality scores 
of 4-12 (corresponding to error probabilities be- 
tween 39,8% and 6.3%) contain a total of 187,926 
errors. In contrast, the 1.44 million bases with qual- 
ity scores between 33 and 42 (corresponding to error 
probabilities between 0.05% and 0.006%) contain 
only 237 errors, which translates into a 790-fold 
lower error rate. The trend toward lower error rates 
can also be observed for each individual project. In 
most cases, the actual number of errors is close to 
the predicted error rate. It is also apparent that the 
actual error rate is typically lower than the predicted 
error rate. 

Both the high overall accuracy and the ten- 
dency to slightly overpredict errors are confirmed 
by statistical analysis, as shown in Table 4. The cor- 
relation between predicted and actual error frequen- 
cies is excellent for all projects (Spearman correla- 
tion coefficient >0.89, P < 0.0001), Averaged over all 
projects, the actual error rate is 84.5% of the pre- 
dicted error rate; the slope of the relation between 
predicted and actual error rates differs slightly be- 
tween projects and ranges from 76.6% to 88.4%. To 
put these differences between projects in relation, it 
is worthwhile remembering that PHRED quality 
scores cover a wide dynamic range: The maximum 
quality score of 51 corresponds to a 50,000-fold 
lower predicted error rate than the minimum qual- 
ity score of 4. Even the relative difference between 
successive quality is larger than the relative differ- 
ence in the slopes; for example, a quality score of 10 
corresponds to an error probability of 10%, whereas 
a score of 9 corresponds to an error probability of 
12.6%. 

A different way of looking at the relation be- 
tween the actual and predicted error rates is shown 



in Figure 1 . Here, the error rates as a function of the 
position within all reads in each of the projects, av- 
eraged over 50-base windows, is depicted. For all six 
projects, the predicted error rates are very close to 
the actual error rates over the entire length of the 
sequences. Each project has a characteristic distribu- 
tion of error rates, which differs from each of the 
other projects. The minimum error rate differs dra- 
matically between projects. The best projects 
achieve raw error rates of 0.23%-0.36% in the best 
region of the sequence read, typically from base 150 
to 200. The worst project in the data set had an 
-10-fold higher error rate of 2,58%. 

Toward the end of sequence reads, the error 
rates increase and start to exceed 1 0% between bases 
300 and 700. In projects that used mainly short gels 
(e.g., projects D and F), this increase begins sooner, 
whereas projects that use longer gels show a mark- 
edly longer stretch of low error rates (e.g., projects A 
and B). 

Table 5 summarizes key results for the six 
projects. The first four projects have similar mini- 
mum and average error rates. However, the length 
of the region where the error rate is below 5% differs 
significantly, from 403 to 682 bases. The project 
with the shorter low error rate regions contained 
larger portions of reads generated on short gels, 
whereas projects A and B were run exclusively on 
long gels (ABI373 stretch or ABI377 sequencers). 
Other factors contributing to differences between 
the first four projects were differences in sequencing 
chemistries, production scale, and electrophoresis 
conditions and machines. 

Project E and, in particular, project F, had sig- 
nificantly higher error rates than the first four 
projects. In projects E and F, every sequence gener- 
ated for the project had been included in the data 
set, whereas the other four projects had eliminated 
some "bad" sequences through manual or auto- 



Table 2. Overview of Sequencing Meth ds 
Used in the Different Projects 

Template DNA single-stranded M 13, 

double-stranded plasmids 
Sequencing Sequenase, Taq, KlenTaqTR, 

enzymes AmpliTaq FS 

Sequencing Dyes primer (two different dyes 

chemistries chemistries), dye terminator 

Sequencing ABI 373, ABI 373 stretch, 

machines ABI 377 

Gel length Only short gels, only long gels, 

mixes of short and long gels 
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Table 3. Comparison of Predicted and Actual Error Rates for Six Different 
Sequencing Projects 



Project 


Quality score 


4-12 


13-22 


23-32 


33-42 


43-51 


A 


aligned bases 
expected errors 
actual errors 


119,246 

20,256 

16,784 


75,293 

2,064 

1,758 


70,391 

172 

127 


144,876 

37 

17 


73,234 

1 

1 


B 


aligned bases 
expected errors 
actual errors 


182,034 

29,953 

26,038 


137,940 

3,704 

2,536 


181,998 

410 

287 


399,690 

102 

35 


140,176 

3 

0 


C 


aligned bases 
expected errors 
actual errors 


139,345 

22,277 

16,670 


131,419 

3,411 

1,513 


151,197 

357 

194 


292,070 

74 

26 


68,529 

2 

3 


D 


aligned bases 
expected errors 
actual errors 


103,898 

16,880 

14,495 


68,995 

1,919 

1,924 


68,613 

168 

146 


153,730 

38 

59 


111,752 

3 

2 


E 


aligned bases 
expected errors 
actual errors 


378,755 

63,947 

55,968 


217,438 

6,336 

6,516 


167,968 

418 

355 


392,717 

95 

67 


144,313 

4 

5 


F 


aligned bases 
expected errors 
actual errors 


359,809 

66,938 

57,971 


136,688 

4,079 

3,856 


98,840 

256 

332 


64,035 

23 

33 


5,130 

0 

1 


All 


aligned bases 
expected errors 
actual errors 


1,283,087 

220,252 

187,926 


767,773 

21,513 

18,103 


739,007 

1,781 

1,441 


1,447,118 

370 

237 


543,134 

13 

12 



matic inspection. After eliminating <10% of the 
worst sequences in project E, the error rates for the 
remaining sequences were comparable to those of 
the first four projects. In contrast, project F showed 
a much more uniform distribution of sequence 
quality. 



The last column in Table 5 shows the average 
number of bases with an estimated error probability 
of at most 0.1%, which is equivalent to a quality 
score of at least 30, The count of such "very high- 
quality" bases is a good indicator of sequence qual- 
ity, both for individual sequences and, when aver- 



Table 4. Summary of Statistical Analysis Results 



Project 


Spearman 
P 


>>>ip| 


Slope 


t ratio 


P>/t\ 


A 


0.9646 


<0.0001 


0.818 


75.1 


<0.0001 


B 


0.9890 


<0,0001 


0.874 


98.2 


<0.0001 


C 


0.9846 


<0.0001 


0.766 


71.6 


<0.0001 


D a 


0.8692 


<0.0001 


0.855 


68.3 


<0.0001 


E 


0.9956 


<0.0001 


0.884 


144.3 


<0.0001 


F 


0.9968 


<0.0001 


0.865 


151.6 


<0.0001 


Ail 


0.9964 


<0.0001 


0.845 


174.5 


<0.0001 



a ln project D, the Spearman correlation coefficient p was artificially low as only very few bases (10) bases had 
a quality score of 5, and none of these bases contained an actual error (expected: 3.16 errors). Exclusion of 
this quality score gave a Spearman correlation coefficient of 0.9786 (P < 0.0001). The frequencies in the slope 
calculations were weighed by the number of bases at any given quality score and, thus, were not sensitive to 
such small sample distortions (see Methods). 
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Figure 1 Actual and predicted error rates in six different sequencing projects. Actual error rates and predicted 
error rates in 50-base windows over the length of the sequence reads, averaged over all reads that could be aligned 

to the consensus sequence by CROSS MATCH, are shown. The numbers on the x-axis show the first base in a given 

50-base window. 



aged over all sequences in a project, as an indicator 
for the entire project. Compared to the estimated 
error rates, the count of very high-quality bases is 
less prone to distortions from a small number of 
low-quality reads, as the data for project E demon- 
strate. 



Prediction Accuracy for Data Subsets of Different 
Quality 

The quality of sequences within any given project 
can vary substantially, and the use of predicted error 
rates has the potential to be a powerful tool for qual- 



Table 5. Comparison of Key Results for Six Different Sequencing Projects 

Actual minimum Actual average Length of Length of Average bases with 

Project error rate (%) error rate (%) <1% error region <5% error region P(error) <0.1% 



A 0.36 3.6 422 682 468 

B 0.34 2.8 274 567 395 

C 0.23 2.4 291 479 348 

D 0.39 3.1 300 403 294 

E 0.71 4.7 129 464 317 

F 2,58 9.2 0 162 79 
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ity analysis and control in large-scale DNA sequenc- 
ing projects. To analyze how accurate PHRED error 
estimates are for different quality sequences within 
the same sequencing project, we subdivided a data 
set into four quartiles, based on the number of very 
high-quality bases in each sequence (see Methods). 
The comparison of actual and predicted error rates is 
shown in Figure 2. 

When measured by the error rate in the best 
region of a sequence, the data quality in the differ- 
ent quartiles varies > 100-fold between the best and 
the worst 25% of the sequences. The best quartile 
showed -0.03% error for >100 bases, whereas the 
error rate in the worst quartile always exceeded 5%. 
In quartiles 2 and 3, the predicted error rates match 
the actual error rates very closely. In the best and 
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Figure 2 Actual and predicted error rates in different quality subsets of project 
B. Sequence reads were sorted by the number of bases with a predicted error rate 
of at most 0.1 % (very high-quality bases), and assigned to quartiles, with quartile 
1 corresponding to the highest numbers. Actual and predicted error rates for all 
sequences in each subset were calculated as in Fig. 1 . Note that a number of 
sequence reads that had been rejected because of too low quality were added 
back to the data set for illustrative purposes, all of which are in quartile 4. These 
sequences were not included in the data sets used to generate Figs. 1 and 3 and 
Tables 1 and 3. 



worst quartiles, PHRED 's accuracy was somewhat 
lower from base 100 to 500. In the best sequences, 
PHRED 's error estimates were about twofold too 
high; in the worst sequences, the error estimates 
were too low, again by a factor of 2. This underpre- 
diction of errors can be partially explained by the 
fact that PHRED gives ambiguous base calls (iVs) a 
quality score of 4, corresponding to an error prob- 
ability of 39.8%; however, ATs will always show up 
as an actual error. Even in the worst and best quar- 
tiles, however, the predicted error rate curves are 
very similar to the actual error rate curves. 

The results shown in Figure 2 also demonstrate 
that the count of very high-quality bases, or bases 
with an estimated error probability of at most 0.1%, 
can be used effectively to characterize the overall 
quality of a sequence read. 
Sorting the sequence reads 
into quartiles based on the 
number of very high-quality 
bases worked well, as shown 
by the > 100-fold difference in 
the minimum error rate be- 
tween the first and the fourth 
quartile. 

Other methods to charac- 
terize the overall quality of in- 
dividual reads based on 
PHRED quality scores can give 
similar results. For example, 
counting bases above a mini- 
mum quality threshold any- 
where in the range of 20-40 
gave similar results for most 
data sets (not shown), and 
such counts are used by a 
number of different laborato- 
ries as quality measures. Alter- 
natively, the quality values 
can be converted to error 
probabilities and averaged to 
give the predicted error rate 
for the trace, or summed to 
give the total predicted num- 
ber of errors in a trace. How- 
ever, such averages and totals 
can sometimes give a mislead- 
ing picture, as the following 
example illustrates. Assume 
that two sequence reads have 
very similar quality in the 
alignable part of the read but 
that one of the two sequences 
was run much longer and 
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Figure 3 Actual frameshift and total error rates for projects A and B. To calcu- 
late frameshift error rates, only insertions and deletions were counted. Mismatch 
errors, which account for the vast majority of errors after base 1 50, were included 
only in the total error count. Note that project B (A, A) has a slightly similar or 
slightly higher total error rate compared to project A (#,0) but only about 
one-third as many insertions and deletions up to base 500. For both projects, the 
frameshift error rate in the raw data is <1 in 1000 for >300 bases, and =^1 in 
10,000 for >100 bases in project B. 



therefore contains a longer unalignable "tail" of 
very low-quality bases, When calculating the aver- 
age error rate for these two sequences, the second 
sequence will have a much higher average error and, 
therefore, appear to be of lower quality. In contrast, 
the counts of very high-quality bases for both se- 
quences will be very similar, as the unalignable tails 
contain few, if any, high-quality bases. Therefore, 
counts of bases above a high enough quality thresh- 
old will give a more robust and clearer picture of 
trace quality. 

Frameshift Error Rates for Different Sequencing 
Chemistries 

Depending on how biologists use DNA sequences, 
knowledge about total error rates in raw sequences 
may or may not be sufficient. For example, frame- 
shift errors in coding sequences will generally lead 
to incorrectly predicted open reading frame, 
whereas mismatch errors will do so only if the mis- 
match introduces a stop codon or a new splice site. 
At the time of this writing, PHRED did not differen- 
tiate between mismatch and frameshift errors, but 
only estimated total error rates. This might occa- 



sionally lead to questionable 
conclusions, as the results 
shown in Figure 3illustrate. 

Figure 3 shows the total 
actual error rates and the 
frameshift error rates for two 
projects, A and B. The total er- 
ror rates for both projects are 
similar for up to 350 bases; af- 
ter 350 bases, project B has a 
somewhat higher total error 
rate. However, examining the 
frameshift error rate gives rise 
to a different picture: from 
base 1 to 500, project A has 
approximately four times as 
many insertions and dele- 
tions as project B. This differ- 
ence in frameshift error rates 
can be explained by the se- 
quencing chemistries that 
were used in the two projects. 
Project B, with the lower 
frameshift error rate, used 
only dye terminator chemis- 
try, which is known to elimi- 
nate band spacing artifacts 
from hairpin structures ("com- 
pressions"). Project A, on the 
other hand, used dye primer chemistry, which is 
more prone to insertion and deletion errors from 
mobility artifacts, for most sequencing reactions. 

DISCUSSION 

As large-scale DNA sequencing has become a more 
routine and common process, the traditional meth- 
ods for assessing sequence quality have become un- 
satisfactory. In projects like single-pass cDNA se- 
quencing, it is not possible to calculate and compare 
error rates after finishing a sequence, as finishing 
never takes place. Even when a comparison between 
raw and finished sequence can be done, the time 
delay between raw data generation and quality as- 
sessment is often large. This delay makes it difficult 
to improve ongoing projects, and it sometimes 
makes it impossible to capture problems early on. 
Some immediate quality feedback can be reached by 
including known standard sequences for quality 
control. However, this approach can be costly, and 
it fails when error profiles differ between standard 
and unknown sequences. 

In contrast to these traditional methods to as- 
sess sequence accuracy, direct estimation of error 
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rates in raw sequence data would enable immediate 
quality control and feedback. Accurate, base-by- 
base estimates of error probabilities could also in- 
crease the utility of single-pass sequences signifi- 
cantly, allow efficient comparison and optimization 
of different sequence chemistries, and enable the 
development of better software tools for sequence 
assembly and analysis. 

The critical question for any error rate predic- 
tion tool is how accurate are the error rate estimates, 
in particular if different sequencing methods and 
chemistries are used? The results presented herein 
provide an answer to this question for the program 
PHRED, as well as clues where further development 
would be useful. As shown in Tables 3 and 4 and in 
Figure 1 , the agreement between predicted and ac- 
tual error rates was very good in each of the six 
different projects analyzed. The observed high level 
of prediction accuracy in all of these projects is al- 
most astonishing if one takes into account that ac- 
tual errors are binary (a base is either correct or 
wrong), whereas predicted error rates are probabili- 
ties on a scale from 0.0 to 1.0. The observed ten- 
dency to overpredict error rates can be at least par- 
tially explained by the "small sample correction" 
that was used in the derivation of threshold param- 
eters for quality scores (Ewing and Green 1998). For 
most practical applications, such a somewhat con- 
servative estimation of quality scores is tolerable or 
even desirable. Overall, the results clearly show that 
error probabilities given by PHRED accurately de- 
scribe raw sequence data quality. 

In judging the usefulness of predicted error 
probabilities, it is important to know how differ- 
ences in sequencing methods will influence the pre- 
diction accuracy. For example, the larger variation 
in peak heights tends to be larger in dye terminator 
sequencing than in dye primer sequencing, and dif- 
ferent sequencing enzymes are known to produce 
different specific height variation patterns. Any es- 
timation of error probabilities that takes the pecu- 
liarities of a specific sequencing chemistry into ac- 
count, would therefore be expected to be less accu- 
rate for different chemistries. 

The projects included in this study were specifi- 
cally chosen to provide an initial answer to the 
question of how generally useful PHRED quality 
scores are. These projects represent the vast majority 
of different multicolor fluorescent sequencing 
methods used in the last 3 years: different template 
DNAs and DNA preparation methods, different en- 
zymes, gel lengths, run conditions, and different 
fluorescent dyes. The data also include a consider- 
able spread in data quality, both between projects 



and within individual projects. None of the projects 
analyzed here were included in PHRED's training 
set, and just one of the six laboratories that contrib- 
uted data to this study also contributed data to the 
training data sets. One of the projects in this study 
consisted entirely of dye terminator sequences, 
which presented only a small fraction of the se- 
quences in the test data set. Another project exclu- 
sively used a set of fluorescent dyes different from 
those used in the training sets. Each project differed 
from the other projects in this study in at least one, 
and typically many, experimental aspects like tem- 
plate preparation, sequencing enzymes, gel run con- 
ditions, and so forth. Despite these differences, the 
accuracy of error rate predictions was very similar 
for all projects. 

Our results justify some optimism about the ac- 
curacy of PHRED quality scores for minor changes 
in sequencing technology, for example, sequences 
generated by new enzymes and fluorescent dyes. 
Initial studies showed that PHRED quality scores 
were also accurate for sequences produced by mul- 
tiplex sequencing with radioactive detection (P, 
Richterich, unpubl.). However, we also observed 
two effects that can invalidate PHRED quality scores 
during these studies. First, sequences generated by 
chemical sequencing gave too low quality scores at 
mixed (A + G) reactions. Because secondary peak 
height is one of the parameters used in the error rate 
predictions, this is not surprising. Another potential 
source of error is high-frequency noise in the trace 
data. With such data, PHRED occasionally underes- 
timated the band spacing by a factor of 2 or more, 
which resulted in incorrect base calls and quality 
scores. By applying simple smoothing algorithms to 
data with high-frequency noise, these problems 
could typically be resolved. Similar steps may be 
necessary to obtain accurate PHRED quality scores 
on data that have been generated by different se- 
quencing instruments or preprocessed by different 
software. 

Accurate quality scores can have a major impact 
on how sequences are used downstream from the 
sequence production process. In traditional se- 
quencing projects where the goal is complete cov- 
erage at a final error rate below (e.g.) 1 in 10,000, the 
accuracy goals can be reached with single sequence 
reads as long as the quality scores are at least 40 
(however, other potential problems like clone insta- 
bility may make higher coverage advisable). Inter- 
esting questions arise as to how individual read 
quality contributes to project quality, or the error 
rate of the "final" sequence. Under the assumption 
that errors between different sequence reads are 
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completely independent, one could argue that two 
reads with a quality score of 20 (error probability of 
1 in 100) are just as valuable as one sequence with a 
quality score of 40 (error probability of 1 in 10,000). 
However, although a single sequence stretch with 
quality levels above 40 would give a final sequence 
with an error rate of <1 in 10,000, assembling a con- 
sensus from two sequences with quality scores of 20 
(1% error rate) could lead to one of two results: If 
the errors were completely random, the consensus 
sequence would be ambiguous at 2% of all loca- 
tions; if the errors were completely localized, for ex- 
ample, because of reproducible compressions, the 
consensus sequence would have one "hidden" error 
every 100 bases. Typically, consensus sequences de- 
rived from low-quality sequences will have both 
kinds of problematic regions. Increased coverage 
can rapidly eliminate the random errors; however, 
increased coverage does not resolve errors from sys- 
tematic sources. Manual examination of such prob- 
lem areas is generally required; such "contig edit- 
ing," however, tends to be time consuming, re- 
quires highly trained personnel, is an obstacle 
toward complete automation of DNA sequencing, 
and sometimes fails to eliminate all errors. This 
leads to the somewhat counterintuitive conclusion 
that the practical value of increasing sequence qual- 
ity can be even higher than indicated by the quality 
scores: One sequence of average quality above 40 
can be "worth" more than two sequences of average 
quality 20. 

Another application of DNA sequencing where 
high quality can be of disproportionately high value 
is the search for mutations in genomic DNA. In low 
quality sequences, secondary peaks and low resolu- 
tion often complicate the identification of hetero- 
zygous mutations. In regions of higher sequence 
quality, such secondary peaks are smaller or absent 
and peaks are better resolved. Therefore, both false- 
positive and false-negative errors can be signifi- 
cantly reduced in high-quality regions. Tools like 
PHRED, which can accurately measure sequence 
quality from trace data, can be of twofold value for 
mutation detection. First, base-specific quality 
scores can allow optimization of sequencing meth- 
ods and strategies for mutation detection. Second, 
the quality scores can be used to evaluate the use- 
fulness of individual sequence reads for mutation 
detection (e.g., by discarding reads below minimum 
thresholds), and they can guide software that auto- 
matically detects mutations. 

The ability to predict error rates in a highly ac- 
curate fashion is likely to have a major impact in 
applications like those described above. PHRED is 



the first widely used program that accurately pre- 
dicts base-specific error probabilities. However, the 
algorithm for determining quality values has been 
described (Ewing and Green 1998), and it should be 
straightforward to implement similar quality values 
in other base-calling programs. Furthermore, an ex- 
tension of the approach developed by Ewing and 
Green should be possible. For example, differentia- 
tion between mismatch and frameshift errors would 
enable better comparisons of sequencing methods 
with similar total error rates but different frameshift 
error rates. Several groups have described efforts to 
calculate separate probabilities (or "confidence as- 
sessments") for mismatch errors and frameshift er- 
rors (Lawrence and Solovyev 1994; Berno 1996). 
Their results demonstrated that different ap- 
proaches to error type characterization are feasible 
and promising. Implementation of such error type 
predictions in other programs similar to the way 
PHRED uses quality scores would enable better 
method assessments, benchmarking, and production 
quality control, and could have a significant impact 
on downstream uses of DNA sequence information. 

METHODS 
Data Sets 

For one project, sequence raw data in the form of 
ABI trace files were downloaded from a public FTP 
site. Sequence data for the five other projects were 
kindly provided by five different large-scale se- 
quencing groups. Table 1 gives a summary of the six 
projects, and Table 2 gives an overview of the dif- 
ferent sequencing methods used in the projects. The 
projects differed in the amount of prescreening of 
data that had been done, reflecting different ap- 
proaches to quality control in different laboratories. 
In two projects (B and C), different software pro- 
grams had been used to identify and eliminate low- 
quality sequences. One project (F) included all data 
files generated, whereas the other three projects had 
excluded "failed lanes." 

Comparison of Actual and Predicted Error Rates 

The sequences for all traces in each project were 
recalled using the program PHRED (v. 961028). 
Next, sequences in each project were assembled 
with PHRAP (P. Green, unpubl.). Slightly different 
methods were chosen for the statistical and graphi- 
cal evaluation of the error rate prediction accuracy, 
In the statistical evaluation, only the longest contig 
produced by PHRAP was considered. The tables of 
aligned bases and observed discrepancy counts for 
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each quality score were taken from the PHRAP out- 
put and analyzed as follows. The expected number 
of discrepancies (E) at each quality score (q) was cal- 
culated by multiplying the number of aligned bases 
(A/) with the error probability corresponding to the 
quality score: E= N 10~° lq ( The Spearman ranking 
coefficients were calculated by comparing the ex- 
pected and observed error frequencies. To obtain 
the quantitative relation between the expected and 
observed error rates over the entire range, a least- 
squares fit between the observed and expected rates 
was performed, with the intercept set to zero and 
the number of aligned bases at each quality score 
used as weights. 

For a graphical comparison of estimated and ac- 
tual error rates in 50-bp windows, the following 
steps were taken. For two of the projects, the con- 
sensus sequence was retrieved from public data- 
bases. For the four other projects, the DNA sequence 
and quality information were used by the program 
PHRAP to assemble consensus sequences for each of 
the projects. The individual reads were aligned to 
the consensus sequences of the longest contig, us- 
ing the program CROSS_MATCH (P. Green, un- 
publ.), after removing single-coverage regions from 
the ends of the consensus sequence. CROSS- 
MATCH uses an implementation of the Smith- 
Waterman algorithm to generate alignments that 
typically do not include the ends of sequences, 
where disagreements are commonly due to vector 
sequence or low quality sequence. 

The quality files generated by PHRED and the 
alignment summaries generated by CROSS- 
_MATCH were then analyzed as follows. First, the 
region of each query sequence that had been aligned 

by CROSS MATCH was determined. Next, the actual 

and predicted error rates for the entire aligned part of 
each individual sequence was calculated. In addi- 
tion, the average actual and predicted error rates for 
all alignable sequences together were calculated for 
windows of 50 bases in length. To calculate the pre- 
dicted error rate, the quality scores q determined by 
PHRED at each base were converted to error prob- 
abilities as described above (Ewing and Green 1998). 

Subdividing Data into Subsets Based on Data Quality 

To examine the accuracy of PHRED quality scores 
for data subsets of different quality within a project, 
the following approach was taken. For all sequence 
reads in project B, the number of bases with a qual- 
ity score of at least 30 in each sequence was deter- 
mined (bases with quality scores of at least 30 were 
called very high-quality bases, or VHQ bases). Se- 



quences were sorted in descending order based on 
the number of very high-quality bases, and divided 
into four quartiles. Accordingly, quartile 1 con- 
tained 25% of sequences with the highest number 
of very high-quality bases, and quartile 4 contained 
the "worst" sequences. To illustrate the prediction 
accuracy in data with relatively high error rates, se- 
quences from project B that had been "discarded" 
because they had not met the minimum quality cri- 
teria were added back to the data set. The sequences 
in each quartile were compared to the consensus se- 
quences that had been generated using the entire data 
set, as described above for the graphical comparison. 

Determining Actual Frameshift Error Rates 

The calculation of actual frameshift error rates in 
the raw sequence data was performed using CROSS 

MATCH, similar to the procedure described above 

for total error rates, except that only insertion and 
deletion errors were counted. Because PHRED does 
not give separate frameshift error estimates, a com- 
parison of predicted and actual frameshift errors is 
not possible. 
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UNIT 7.1 



This unit contains a general discussion of 
factors that should be considered before em- 
barking on a DNA sequencing project- In gen- 
eral, any sequencing strategy should include 
plans for sequencing both strands of the DNA 
fragment. Complementary strand confirmation 
leads to higher accuracy, especially when se- 
quencing regions where artifacts such as "com- 
pressions" are a problem. Sequencing the op- 
posite strand is often required to obtain accurate 
data for such regions. 

The most commonly used methods for gen- 
erating appropriately sized DNA fragments for 
dideoxy and chemical sequencing are dis- 
cussed below. The biochemistry underlying 
these procedures, as well as how to choose 
between these and alternative sequencing 
methods, are discussed in the introduction to 
this chapter. 

DIDEOXY SEQUENCING 

Planning for Dideoxy Sequencing 

Sequencing determination of a fragment of 
<500 nucleotides is usually straightforward be- 
cause this amount of sequence information can 
reliably be determined from a single set of 
sequencing reactions. Fragments of this size 
can usually be subcloned directly into an ap- 
propriate single- or double-stranded DNA se- 
quencing vector. If the vector generates single- 
stranded DNA, such as the M13mp vectors 
described below, the fragment should be cloned 
in both orientations so that both strands of the 
insert are produced as single-stranded DNA. A 
primer that hybridizes to a site on the vector 
adjacent to the insert DNA is then used to 
sequence both clones, generating the sequence 
of each strand. When sequencing double- 
stranded plasmid DNA, there are two options 
for obtaining the sequence of each strand. A 
single primer can be used if the insert DNA is 
cloned in both orientations. Alternatively, two 
primers that hybridize to plasmid sequences on 
opposite sides (and opposite strands) of the 
insert DNA can be used to sequence a single 
clone. 

To sequence larger regions of DNA com- 
pletely, it is generally necessary to subdivide a 
large fragment into smaller ones that can then 
be individually sequenced. Three general ap- 
proaches are currently used. In the first ap- 
proach, known as "shotgun cloning " random 



fragments are created from longer DNA frag- 
ments by physical shear, digestion by nucle- 
ases, (e.g., DNase I) or by restriction digests 
with endonucleases that make frequent cuts in 
the fragment (e.g., those with four-base recog- 
nition specificity; Frischauf et al., 1 980; Ander- 
son, 1981; Bankier and Barrell, 1983; Bankier 
etal., 1988; Hong, 1982; Messing, 1983, 1988; 
Deininger, 1983a, 1983b; Bankier, 1984; Lin 
et al., 3 985). These fragments are combined and 
the entire pool is ligated into the appropriate 
sequencing vector. After the DNA sequence of 
the various cloned fragments has been deter- 
mined, the final sequence is compiled by com- 
puter using overlapping information from the 
individual fragments (unjtij). However, with 
more complex (i.e., longer) sequences, this ap- 
proach becomes tedious since it requires puri- 
fying, ligating, and cloning numerous individ- 
ual fragments. In addition, finding the final few 
percent of a sequence by this procedure can 
consume a disproportionately large amount of 
time. 

A second subcloning strategy for sequenc- 
ing large DNA fragments is to generate an 
ordered set of subclones from a large DNA 
molecule. This is usually done by making pro- 
gressive (nested) sets of deletions from a clone 
containing the entire DNA fragment to be se- 
quenced. Numerous protocols exist for making 
nested deletions by enzymatic means; two such 
protocols using exonuclease III (Henikoff, 
1984; Guo and Wu, 1982; Okita, 1985; Ozkay- 
nak and Putney, 1987; Smith, 1979, 1980; 
Strauss and Zagurski, 1991) and nuclease Bat 
31 (Guo and Wu, 1982; Guo etal., 1983; Vocke 
and Bastia, 1983; Yanisch-Perron et al., 1985; 
Poncz et al., 1982; Misra, 1985) are presented 
in unit 7.2. Another enzymatic method for mak- 
ing nested deletions utilizes T4 DNA polym- 
erase (Dale et al., 1985). Other methods for 
isolating nested sets of deletion fragments in- 
clude size- selection of inserts (Barnes, 1987; 
Barnes and Bevan, 1983; Barnes et al., 1983; 
Vocke and Bastia, 1983), oriented restriction 
fragment subcloning (Yanisch-Perron et al., 
1985; Lee and Lee, 1989; Hoheisel and Pohl, 
1986), transposon-mediated deletions (Ah- 
med, 1987a, 1987b; Nag etal., 1988; Peng and 
Wu, 1 986), progressive synthesis (Burton et al., 
1988; Liu and Hackett, 1989), and oligonu- 
cleotide-directed mutagenesis (Shen and Waye, 
1988; Wang et al., 1989). Commercial kits for 
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to search sequences for regions that are complementary to synthetic 
oligonucleotides. 

Accuracy of the sequence 

When DNA sequencing is carried out carefully, the error rate is less than 
0.1%. However, to achieve this high rate of accuracy, it is necessary to 
sequence both strands of the target DNA completely and to resolve all 
ambiguities and discrepancies. In this respect, random sequencing has an 
advantage, since the gradual accumulation of redundant primary sequences 
greatly improves the accuracy of the final assembled sequence. However, 
there may be regions of the target DNA that cannot be sequenced accurately 
by either the random method or directed methods. Resolving these difficult 
sequences often takes a surprisingly long time and sometimes requires the 
use of base analogs (to eliminate compressions) or Maxam-Gilbert se- 
quencing. 

Future direction of the project 

Different sequencing strategies yield different types of material that can be 
used in later experiments. For example, nested sets of deletions generated 
for DNA sequencing can be used to study the domains within a promoter 
region or sets of oligonucleotides complementary to different regions of the 
target fragment can be used to sequence mutant forms of the target sequence. 
Random subclones created for shotgun sequencing provide a store of material 
that can subsequently be used for site-directed mutagenesis or for the 
generation of radiolabeled probes. 
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Summary 

The complete 9193-nucleotide sequence of the prob- 
able causative agent of AIDS, lymphadenopathy-asso- 
ciated virus (LAV), has been determined. The deduced 
genetic structure is unique: it shows, in addition to the 
retroviral gag, pol, and env genes, two novel open 
reading frames we call Q and F. Remarkably, Q is lo- 
cated between pol and env and F is half-encoded by 
the U3 element of the LTR. These data place LAV apart 
from the previously characterized family of human 
T ceil leukemia/lymphoma viruses. 

Introduction 

The recent onset of severe opportunistic infections among 
previously healthy male homosexuals has led to the char- 
acterization of the acquired immune deficiency syndrome 
(AIDS) (Gottlieb et al., 1981; Masur et al., 1981). The dis- 
ease has spread dramatically, and new high-risk groups 
have been identified: patients receiving blood products, 
intravenous drug addicts, and individuals originating from 
Haiti and Central Africa (Piot et al M 1984). AIDS is a fatal 
disease, and there is at present no specific treatment. The 
causative agent was suspected to be of viral origin since 
the epidemiological pattern of AIDS was consistent with 
a transmissible disease, and cases had been reported af- 
ter treatment involving ultrafiltered anti-hemophilia prepa- 
rations (Daly and Scott, 1983). A decisive step in AIDS re- 
search was the discovery of a novel human retrovirus 
called lymphadenopathy-associated virus (LAV) (Barre- 
Sinoussi et al., 1983). The properties of the virus consis- 
tent with its etiological role in AIDS are: the recovery of 
many independent isolates from patients with AIDS or 
related diseases (Montagnier et al., 1984); high LAV 
seropositivity among these populations (Brun-Vezinet et 
al., 1984); a tropism.and cytopathic effect in vitro for the 
helper/inducer T-lymphocyte subset T4 (Klatzmann et al., 
1984), also found depleted in vivo. 

Other groups have reported the isolation of human 
retroviruses, the human T cell leukemia/lymphoma/lym- 
photropic virus type 111 (HTLV-III) (Popovic et al., 1984) and 
the AIDS-associated retrovirus (ARV), which display bio- 
logical and serc-epidemiological properties very similar tc 
if not identical with those of LAV (Levy et al., 1984; Popovic 
et al., 1984; Schupbach et ai., 1984). Both LAV and HTLV- 



III genomes have been moiecularly cloned (Alizon et al., 
1984; Hahn et al.. 1984). Their restriction maps show 
remarkable agreement, including a Hind HI restriction site 
polymorphism, bearing in mind the variability of this virus 
(Shaw et al., 1984) and confirming that these two viruses 
represent a single viral lineage. 

In addition to its obvious diagnostic and therapeutic 
potential, the LAV DNA nucleotide sequence is essential 
to an understanding of the genetics and molecular biology 
of the virus and its classification among retroviruses. We 
report here the complete 9193-nucleotide sequence of the 
LAV genome established from cloned proviraJ DNA. 

Results 

DNA Sequence and Organization of the LAV Genome 

We have reported previously the molecular cloning of both 
cDNA arid integrated proviral forms of LAV (Alizon et al., 
1984). The recombinant phage clones were isolated from 
a genomic library of LAV- infected human T-lymphocyte 
DNA partially digested by Hind fit. The insert of recom- 
binant phage JU19 was generated by Hind III cleavage 
within the R element of the long terminal repeat (LTR). 
Thus each extremity of the insert contains one part of the 
LTR. We have eliminated the possibility of clustered Hind 
111 sites within R by sequencing part of an LAV cDNA 
clone, pLAV 75 (Alizon et al., 1984), corresponding to this 
region (data not shown). Thus the total sequence informa- 
tion of the LAV genome can be derived from the AJ19 
clone. 

Using the M13 shotgun cloning and dideoxy chain ter- 
mination method (Sanger et al., 1977), we have deter- 
mined the nucleotide sequence of AJ19 insert. The recon- 
structed viral genome with two copies of the R sequence 
is 9193 nucleotides long. The numbering system starts at 
the cap site (see below) of virion RNA (Figure 1). 

The viral (+) strand contains the statutory retroviral 
genes encoding the core structural proteins (gag), reverse 
transcriptase (pol), and envelope protein (env), and two 
extra open reading frames (orf) that we call Q and F (Table 
1), The genetic organization of LAV, 5'LTR-gag-pol-Q-env- 
F-3'LTR, is unique. Whereas in all replication-competent 
retroviruses pol and env genes overlap, in LAV they are 
separated by orf Q (192 amino acids) followed by four 
small (<100 triplets) orf. The orf F (206 amino acids) 
slightly overlaps the 3' end of env and is remarkable in that 
it is half-encoded by the U3 region of the LTR. 

Such a structure clearly places LAV apart from previ- 
ously sequenced retroviruses (Figure 2). The (-) strand is 
apparently noncoding. The additional Hind III site of the 
LAV clone AJ81 (with respect to JU19) maps to the appar- 
ently noncoding region between Q and env (positions 
5166-5745). Starting at position 5501 is a sequence 
(AAGCCT) that differs by a single base (underlined) from 
the Hind III recognition sequence. It is anticipated that 
many of the restriction site porymorphisms between differ- 
ent isolates will map to this region. 
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HiryjlH 

CCTCTCTCTCCTTACACCaGaTTTCACCCTCCGAGCTCTCTCGCT^ 

100 

ctgactctcctaactacacatccctcacacccttttactcact^tccaaaatctctaccag 

.... 200 ... . 

GAG«- L«uAl«CluAUArgArtAraCl Jtt)ClyAUArtAUS»rV«lL»uS<r 

CACTCGCCTTCCTCAACCCCCCACCGCAAGACCCCUCGCCACCCCACTCGTtlAC^ 

300 ..... 

ClyClyCluLeuA*pArjTrpCULytIltArtL«uAriProClyClyLyti.y«ty»TyrLyiLeutyiHLf IieV»lTfpAl*SerArjCluL«uClttAr|FhtAliV*lAiD?roCly 
C^CGCCCACAAT7ACATCCATCGCAAA>AATTCCCTT^^ 

400 ....... 

L«uL«uCluThrS«rCluClyCy»Ar8Cun«LeuClyClftLtwClttProStrLeuClnThrClyS«tCUCULeuAriS«eL€uTyrA»nThrV»lAL»ThrUuTyrCytV*Uit 
CCCTCTrAGAAACATCACAACOTGTACJlCAAATACTCCCA^^ 

500 ......... 600 

CLaAr»IUCluUeLyiAipmLy»CluAUltuA»pLy»IUCluCluCU^ 
aTCAAAGCaTAGAGATAAAACACaCCAAGGAACCTTTACACAAGATAGAGGAACACCAAAACaAAACTAACAAA^ 

• : ; - . . . 700 

GlaA*oTyt proU«V*lGlaA»nIUCUCl yCloHctfilKiiGiftAU^ 

cc caaaattac c ct atagtgcagaacatc cacccccaaatcctacatc AC cccatatcac ct acaactttaaatgcatc cctaaaactactacaacacaacgctttcaccccacaactg a 

• • • . . , .wo 

ProM«^Pj^«rAlaU«uS«rCUClyAUTBrPr©ClaA*pL«uAinThrNatLtuA«o 
TACCaTCTTTTCACCATTATCACAAGGACCCACCCCACAAttmAAACACCATCCTAAACACAGTC 

900 ...... 

AUCUTrpAipArjValHisProV*lHi»AUCiyProU«Al»ProClyGlnMtcAr»CluProAr|ClyS«rAipIltAUCiyThrn»rS«rThrUuCloCluClDlleClyTrp 
CTCCA(^TCC<^TACACTCCATCUCTCCATGCACCCCCTATTCOCCACCCCAGATCAGACAACC^ 

iooo ........ 

MttTbrA«iU»nProProIltfrQV»iClyCt*lWTyrty«AriTrpU*ntU^^ 

ggatgacaaataatc cac ctatc ccagtagcacaaatttataaaacatccataatc ctcccattaaataaaatagtaagaatctataccpctac CAGCATTCTCGACATAAGACAaGGAC 

"OO ......... 1200 

Ly»CW?roPh«Ar^»pTyrV*U*pAr»Fft«Tyrlyi»rUuAxtAl 
CAAA.AXA> C CCTTTACAGACTATCTACACCCGTm^ 

1300 

Cy»lymrIl«UuLy«AUUuClyFr<ai*Aimrl«CluClultotM«tTl^ 
ATTCTAACACTArmAAAACCAmCCACCAXICACCTACACTAGAACAAATCATGACACC^^ 

1400 .... 

V*lThrA»oScrAl«ThrntH«cH«tGlttAriClyAtaFhtAxiA*oCl^ 
AACTAACAAATTCACCrACCATAAT(UTCCAAA4UCGCAATffi 

1500 ...... 

POL — Pb«Ph«ArtCluA«pL«uAUPh«UuCloClyLy ! Al*AjjCluPl»#S«r 
Ly»Ly»GlyCy»TrpLy»Cy*GlyLyfCUClyBi»Cloll»eLy»A«pCytThrCluAr»ClftAUAinPh*UuCtyLy»IltTrpProStrTyrLy»CIyArtProClyAiiiPh«L«u 
cgaaaaaggcctgttc gaaatctg caaaccaaccacac caaatcaaacattctactgacacacac GCTAATTTTTTAGCGAACATCTCCCCTTC ctacaagccaa 

1M>0 ........ 

S«rGluGlnrhrArtAUA*nScrProThrAxtArfCluL««CUVAlTrpClyAr»A<pAsftAioS*rUuSBrCluAUCiyAl*A*pAr»CUCl yThrVtl S«rPh«A*oPh«Pro 
GUS*rAriProCluPro1^rAlaProProCluCluStrP%€AxtStrClyValCUThrThrThrProS«rGlnI.yiClBGluProIltA»pLyiCluL«ttTyrProUuTlirStfUu 
TTCACACCAGACCAWCCCAACAGCCCUCCACAACACIACCTTCAGCTCTGCC^ACAGAC^ 

1700 • . - . . . ... . 1800 

GlallcthrLcuTrpGlfiArtProLcuVainrlltLy«Il«GlyClyClaLtuLysCluAl«t«wL«uAapThrGlyAUA«pAtpThrV«lUuCluCUM«cS«rUuProClyArt 
Art$trL*uPh*ClyAsnA«p?roScrS«rCla • 
TCAGATCACTCTTTGCCAACCaCCCCTCCTCACMTAAA^ 

• c . 1W0 

TrpLy>ProLy«g^UClyClyIUClyG lyPht IltLy«V4lArtCloTyrAi P CUIltUuIUCluIl«CygGlyHi«Ly > AUUtGlyThrVtlUttV4lglyPtoThrPro 

ATGGAAACCAAAAATCATACCGCCA>TTCGAGCTrTTATCAjA4CTAACACACTATCATCACAT^ 

2000 . . ... 

ValA*an*Il*GlyAr»A*ftL«uL«uThrCloIltClyCy»Thrl.tiLA«nPheProIl«SerProIl«CluThrV«lProV*lLyiL«uLy*ProClyM«cA»pClyProLyiVaUyt 

tctcaacat aattg gaacaaa tctcttgactcacattccttccactttaaattttc c CATTAGTC ct aitc aaact ctaccact aaaattaaacc cacgaatgcatg gc ccaaaacttaa 

2100 ...... 

ClorrpProUuThrCluCluLyintLy»AUUuVilCluIUCy i ThrCUM«tCluLy»CLuGlyLytneStrLyiIl«ClyProC;uA»ftProTyrA»oThrProV*lPh«AU 
ACAATCCCarrCAUCA>CAAAAAATAAAACCArTACTA<UAArrrCTACAGAAATCCAAAACt^CCCA^ 

2200 ........ 

tULy«LyiLysAspS«rThrLyiTrpArtLytLeuV»lA«pPh«ArtClul.euAtnty«AcgThrClnA»pPh«TrpCluV*lClnLeuClyIltProBi»ProAUClyUttLy$Ly* 

cataaacaaaaaacacactactamtccacaaaattacta^tto^ 

2300 ......... 2400 

Ly«Ly»S«rValThrValL€uA*pV*lClyAipAUTytPh«SerVtlProUuA»pCluAtpPheArgLysTyrThrAL«PhcThrIUProS«rIleAjtiA«oGluThrProClyIle 
OAAAAAATCACTAACaCTACTGCATCTCGCTGATGCATATTTTTCACTTCCCTTACATCAACACTTCAGGAACTaTACTCCATTTACCATACC^ . 

2500 . 

ArtTyrCUTyrA*»V«lL€«ProClnGtyTcpLy«GlyS«ePeoAi*Il«Ph«ClRS*tS«tH«tThrLy»ll»L«uGU?roPheAr|LyiClaAioProA«plltV4lllt'tyrCU 
TACATATCACTACAATCWrrrCCAaCCCATCCAAACaiTCACCACCAATAnCCAAACTA^ 

2600 .... 

TyrK.tAjpAjpI,«uTyrVaiGly$«rA«pL«ttGluUtCly«lraiiaArgThrLytIU^ 
ATACATCCATCAmCTATCTAC(UTCTCACTTACAAATACGGaGCATACAACAAAAATACACC^^ 

2700 ...... 

tytCluProProPhtUuTrpH«tClyryrCluL«uMitPr«A*pLyiTr^ 
GAAACAACCTCCATTCCTTTGCaTCGCTTATGAACTC CATC CTCATAAATCCAC ACT ACACCCTATACTCCTCCCACAAAAAC^ 

2800 . ....... 

Lya«uA»QTrpAUSerGUtl»TyrProClylltLyiV«Ur»ClnL«^ 
AAAAFrGAATTCG<XL*AGTCACATTTACCCAGG<UnAA^ 

2900 ... ...... 3000 

LeuAl*ClyA»nAr8CWn«L«uLy*CUPTdVam*Cly**lTytT^^ 

AC TGGCA GAAAACa GaGACA TTCTAAAAGAAC cactacatcgactgtattatcac c ca tc aaaac actt aatag c acaaatacagaagcac ccccaacgc caatc cacatatcaaattta 

3100 

SloCWProPh*Ly*A»nL«\iLy*ThrGVyLyiTyrAlaAriThrArtGlyAlaH^^ 
T CAAGAG CCA TTTAAAAA TCTCAAAAC ACCAAAATATCCAACAACC AC CGCTGC C CACA CTAA TCA TG TAAAAC AATTAACACAC CCAGTCCAAAAAATAAC CACACAAAGC AT ACTAA T 

3200 .... 

TrpClyLy$ThrProLysPh«Ly»leuProIUCloiy»CluThrTrpGluTbrTrpTrprhrCluTyrTrpGlnAliThrTfpU«ProCluTrpClttPhtV4UinThrProProUu 
ArcCCC^AACACTCCTAAAmAAACTACCCATACAAAACCAAACATCCCAAACATCCTCCACACACTATTCC^ 

3300 ...... 

v*lLy»L.uTrpTyrClriL«uCULy*CUProneV«tCtyAlaCluThrPh*TyrVaU»pClyAUAL4S«rAr|ClunirLytL«uClyLyiAlaClyTyrValThcA»aArgCly 

actcaaattatcctaccacttacacaaagaacccatagtaccaccacaaacgttctatctac 

3400 ........ 

*r8GULy*Valv*lThrLeuThrAipThrThrAioCULytnrClu^ 

^gacaaaaacttctcaccctaactcacacaacaaatcagaacactcacttaca^ 

3500 3600 
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L*uCl7lleUeClaAUCLaPraA«pLy»S«rCUS«rCiut*uV*lAioCUIUruCUClaL*u Il«Ly •Ly*CULy»V4LTyrL«uAl*TrpV*lProAUUi»Ly»Cl yl 1 e 
ArtAMAATCATTCAACCACAACCACATAAAAGTCAAK^ 

3700 

GlyGlyAAoCluCUV*lAipLy«L»uV»LStrAl*GlyntAxiLy«V*iUu^^ 

TC~ \f r ~ A A A A T A Af^T Aft A T A A A TTACTCACTfUtTfTflA ATI? AftfLA 1 A^TAi*T A TT^^T^/*»^ ^w- ^jyiYAO-T^-'i'" k AATATflAftA * ATA Tf* i r A / TTj > -A TT^CJLCACQUIT 

. ... 3800 . . . 

ll«S«rAJ pfbc ABaL«uPtoProVilV»UULy»CiulUV«UUS < rCy»A<pLytCytCUL€uLy»ClyCluAUMatHi«ClyCloV«lAjpCy«StryroClyIUTrpCU 
«XrTA*7TGATmAACCTCC(UCCTCTACTACCAAAACAAATACTACCC^ 

3900 ...... 

L«ttA*pCy*I*r«i*LtuGluClyly*V»mtUuVUAUV*lHU^ 
aCTACATTCTACAOTTTAGAACCAAAAGTTATCCTCCTACCAGTTCAT^ 

4000 ........ 

Ly»L«iAAl*ClyArjTrpProVtlLyiThrIle«i»TbrA»pA«oClyS«rAjoPh«mS€rThrThrV*UyiAUAUCy»TrpTrpAUClyll«ty»CloCUPb«ClyUtPro 
AAAATTAaXACCAAiUTCCCCaCTAAAAACAATACAT^^ 

4100 ... . . . , , . . 4200 

TyriJoPr^US«rClQClyV*l V 4 lCUStrH«cA«oLy»CUL«uLy»LytneIl«ClyClaV«lArgX*pClaAUCluHiiL«uLy«nirAl»V*lClttK«tAl«V«lPhtIU 

ctacaatxcccaaactcaaccactactacaatctatcaataaa^ 

4100 

aiiAjKfbct.ytArKLy*ClyCtyXUCiyClyTyrS«rAl •ClyCluAr|Xl«V«lA»pIU IleAUThr A«pIUClaThrLy«CtuUuCtaty»ClnIltTbrLyi IWClnAao 
CCACAATTTTAAAACAAAACCCCCC^TTCGCCCCTACACrrCC^ 

4400 .... 
Pb«Arf»«lTyrTyrAftA#pS«rAxtA»pProLtuTrpl.yiClyFroAl»LyiL«uLtuTrpLy»ClyCUClyAUV.lV«lIUClaA*pA^QS«rA*pIULyiV«17ilEroAxt 

__ ORF Q — CyiCUClu 

TTTTCCCOTrATTACACCCAaCCACACATCCACTrTCCA/^C* 

4500 ...... 

If ttyiAl*LytIUIltAxtAjpTyrClyLy>ClaK»tAUClyA»pA«pCyiVtUl«StrArtGlaA<pCluA>p • 
GlttLrfClaArsScrUuGlyll^jSsiiUi&ArtT^ 
AAGAAAAJXAAACATCATTAGCCATTATC CAAAACA CATC COG CTG^ 

4600 ........ 

ClyLy«Al»^iCIyTrp*b^yrAr|Hi»HUTyrG*uS«rrroHU^ 
CAG<XiiAfiCTACCCCATCCTTTTAIACACATCACTATGAA 

4700 ......... 4800 

HUTbrCiyCluA*8A«pTr?Hi«WuCl7CUGlyV«lStrlWCluTrp^^ 

tgcatacagcagaaacagactcccatctggctcacgcactctccatacaatccaccaa^ 

. - . . . . . 4900 

A«pCy iPhtS «rAjpS«rAUIltArtLytAUL<uLtuGlyHi»IUV>lS«rProAx > CytCluTyrClDAUClytii»A<ray»7»lClyS«rUuGUTyrL«uAUUuAltAli 
TTCACTCTTTTTCAGACTCTCCTATAAGAAA^CCCTTATTACCACATAT 

5000 .... 

L«uIi«TnrProLy»LyiIWLyiProProUuProS*rV»lThrLy»Uu^ 
CArriAt4ACiCCAAAAAACATX»JL^CACCTTTCC 

• . . . . 5100 ...... 

actacaccttttacacgaccttaacaatcaa^ 

5200 ........ 

CATAATAACAATTCTCCAACAACTCCTGTTTAtC CAITTCACAATTCGCTCTCCACATACCACAaTaCGCGTTACTCAACACACGACAGCAACAAAT^ CACTACATCCTACACTAC 
5300 . . . " . . , . . 5400 

ACCCCTCflAAi yA TCCACCAACTCAaCTAAAACTCCrTCTACCACTtCCT 1 UU1 1 IC A C AA C AXaCCCTTACCCATCTCCTATCGCA 

- . . 5300 

G C ** r; iir ^r^ru a(XCACCAAGACcrccTC^ 

5600 " . 

^SV§- LyaCluCiatytThr 

tACTACaUTAATAATACCAATACTTGTCTCCTCCATACTAATCATA&^ 

5700 ...... 

T»lAl4^^|T«Uy*CluLy«TyrClafii«UuTrpArgTrpClyTrpLy«TrpClyThrM4CLcuL*uClyIlcL«uMctIltCy*S«rAl*TbrGluLy*L«uTrpValT^rV«^ 

gtcgcaatgacactgaaggagaaatatcaccacttctccacatccgcctc 

5800 . . . . 

TyrTyrClyf*irroV4lTrpLy»CluAUl^rIbrI*rL«uP^^ 

5900 . . . . . . . . 6000 

ProA*afe<*UCluV«lV«iUuV«U*oV«lTbrGluA» 
CCCJACCCACAACAACTACTATTCGTAAATCTGA^ 

. . . . , 6100 

Cy«7«lLyiI^TQrFroieuCytV«lStrL*uLyaCy«TarA^ 
TGTCTAAAjkTTAACCCCACTCTCTGCTACTTTAAACTGC^ 

■ _. ..... 6200 . . 

Il«Ly«AA0Cy*5«rPb«AjaIl«S«rTorS«rti«AJiCiyLy»V«l^ 

ATAAAAAACTCCTCTTTCAA tATCACCACAACCATAACAC CTAAGGTCCACAAAG AATATGCA 111111 I ATAAACTTCATATAATACCAATACATAATGATACTACCACCTATACGTTG 

. .... 6300 .... _. . 

T^rSfrCy«A*oT^r$«rV«intTbrGlaAUCyiPraLy»V«lS«rPb«CluProIltProIl«BiiTyrCy»AUProAUClyPhtAUIUUuLyiCyiA»aAitay»rbrPh < r 
A C AA ff TTCTAAjqcCTCACTCATTACAaCCCCTCTCCAAAGCTATCCTrrCACCC^ 

. . . 6400 .... . . . . 

A»nCl7TWClyProCyimA*oV»lS*rT^rV*LClQCysrbrHiiGl^ 

aatccaacaccaccatgtagaaatgtcaccacactacaatctac^ 

. 6500 . . . , . . . . 6600 

S«rAl »^afhiTQrA*pA«aAl«LytTfarntIltVtlCltiLtuA^ 

TCTGC caatttcacacacaatgctaaaac CATAATACTACA CCTGAACCAATCTGTACXAAT^ cgt atc cagag gccac ca 

. . . ■ . 6700 

GlyAxiAl»rbtV«lTferIlcClyLyfntGlyAjn>tetAx«CliiAUaU^ 

GGCAX*ACCATTtCTTACAATAC GAAAAATAC GAJUkTATCACACAA^CACATTGTAACATTAGTAGAGCAAAAtCCAATC C CACTTTAAAACACATACCrAGCAAAITAACACAACAATTT 

...... 6800 . . . . 

GlyA^aAjiiLyfTbrUtUtPb«lytClaS«r$*rClyClyA«pProCluXWV«l^ 
CGAAAlAATJUUUCAATAATCTTTAAGCAATCCT^ 

. . . . . 6900 ...... 

ThrTrpPbfcAJ0S«rT^rTrpS«rThrCUGlyS«rA*aA*oThrCluClyS 
ACTTCCTnAATACTACTrcCACTACTCAACCCTCAAATAACACTCJUUJGAAW 

7000 t _ . . , . 

M iH TrU * Pr * ProUtS * rClyCUU ^ ,Cr,s,rS * r ^ olu 

ATCTATCCCCCTCCCATCACCCaCAMnAGATCTTCATCAAATAlTAaGCGCTCCT^ 

7100 ......... ?200 

Ajp*utAr^»pA*orrpAj g SerCluLeuTyrLy»TyrLytVa^^ 

GATATCAGGCACAATTCCACAACTflAATTATArAAATATAAAfiTA/iTAA AA AT*fT:A ^' H ff t TTf\Xr r tA(jThCc r Sf* f ^f*Kf > ^*Kh f r r:r tth^frS f rS Afrrt / rT f r f? T f * f *- A ^ A ^* Af - A aa aa A/!At*.r* ACTf! 

7300 
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GGAATACCACCTTOTTCCTTCWTCTTCCCACa 

7400 .... 

A*oLfuUuAr^l!n«CluAliGUCloHi«l«uLtuGloLeuTTir^^ 
AATmCTCACO^ATTCACCC«X*C^<^ICTCTO 

. 7 500 . . . . 

ClyLleTrpCiyCyiS«rClyLy§U«Il«C)rin»rThrAl»V»l?roTrpA»iUUS«rTrpfi«rAjoLy»S«rUyCluCUIieTrpAiaA»(i««eTbrTrp««cCtuTrpA»pArf 

cccArrTcccOTccTCTCCAAAJurrcAmccAcacTccTCTCccrTca^ 

. . * 7600 ........ 

Clua«AiQA*QTyrnirS«rUuIUai<S«rUuIltCUClaS«rClQA«oCloClQCluLyiA*oCluCloCluL€uL«uCUL<uAjpLyiTrpAlj5«rUuTrpAjoTrpPh« 
CAAATTAACAAmCACAA^rrtAATACfcrrCCnAAnCJUUUATCCC^^ 

. ?700 . ....... 7800 

AiaIlcTbrAioTrpUuTrpTyrIltLy»IltPhtIlcH«ClUV*lGlyClyUuV»lClyUuAxilltVsl7b«M*V«lUuS<rn*V*lAjaAxfV«lAriCloClyTrr$«r 
AACATAACAAATTCCCTCTCC*ATATAAAAATATTCAT^ 

7 900 . 

ProL««S«r?h*CVnThrai»L««ProThrProAxiClyProAtpArgproCluClyIl«ClttCluCittClyCljrCluAr ^•pAxgAjpAxg5«rXl*AxsL«uV«lAjaCly$crL«v 
CCATTATCCrTTCAGACCduiCTCCaLACCCCGACCC^ 

. , . . . MOO .... 

AWUuIl«TrpA«pAipL*uAxi$trUuCyiUuPb«5«rTyrHi«Ar|L«u^ 

GCACnATCTCC<^CGATC7CCCCUCCCT(^CCTCTTCACCrACCAC lU ATTC T AA C CACGA ni T t, CAA CI rCI O CCACC<UgCCCCTCCCAAGCCCTC 

8100 . ..... 

Ly«TyrTrpTrpA«aL€uUuClnTyrTrpS«rCiDCluL«uLy«A«$«rAl»^ 
AAATATTCGTC&AATCTCCTACJlCTArrCGACTCACCJUkCTAAACAATACTC^ 

8200 ........ 

GlnClyAUCyiArfJU»ri«ArtBi*Il»froArtAr|Il«ArgClnClyUuCluAx»n*UttLro • 

ORF A*pAr t Al*TrpLysClyfh«Cy»TyTl.y^3 c lyGl7Lr»trp$trLy»S«rS<rV*lT*lClyTrpfrorbrV«l 

CAACCASCTTCTA&i^XrrATTCClCACAlACC^^ 

8100 .... ..... WOO 

Art GluArjiWtAx »Ar$Al*Clafr oAl aAl *Aj pClyValCl yAl «AUS*rAr (A* pWoClvLy tli »Cl7AWIl«mS«S«rA«ThrAlaAl*TtarA«Al*Al*Cy«AU 
AAGGGAAACAATCACACGACCrGACCaGCAGCACATCCCGTC WACCA CCATCTCCACACCTG r u II, t A ft tTG C AffCA ATCACAACTACCAATtCACrAGCTACCAATCC LUTT I G I CC 

, • . 8500 * 

TrpUuCluAUCUGluGluCluCluV*lClyfbtnoV*lThrFroClo¥^^ 

8600 .... 

I* u CluClyU«Il«HUS«rClnAx^»Cl^pXUUuA*pL«uTrplW^ 
ACTCCAAGGCCIMTTCACTCCCAACCAA<UCAACAIATCCTtCATW 

870O . . . . . 

UuTfrTrfe«Cl7TrpCy»TyTLy»UttVAVTToT*101ttFroAjpLy«V^ 
ACtGACCTrrGCATGGTCCtACAACCrACTACCACTrCACCCAGATAA^ A T * A A flfUff i d A f l r CACCTrCTrACACCCTCTCACCCTCCATCCAATCCATCACCC 

8800 ........ 

CluArgCiuV*lWuCiuTi?Ar*rTitA*pS«rArtUi*^ • 

TXACACACAACTCTrACAGTCGA^CTTTCACAGCCCCCTACWAm^ 

8900 . . ' . . • • « • 9° 00 

CCCTGCCGACTTTCCACCX^CCCTCaCTGCCGGCCACTCGCCACTCCCGA^ 

. H.MHt * . . . 9100 

GACCCTG GCAGCT CTCTGCCTAACTAC CGAACCCACTGCTrAACCCTCAATAAACCTTCCCTTGACTCCTTCA 

MM 

Figure 1. Complete DNA Sequence of Viral Genome (LAV-1a) 

The sequence was reconstructed from the sequence of phage AJ19 insert. The numbering starts at the cap site, which was located experimentally 
(see above). Important genetic elements, major open reading frames, and the* predicted products are indicated together with the Hind III ctomng 
sites. The potential glycosylate sites in the env gene are overiined. The NH r terminal sequence of p2SW determined by protein microsequencmg 
is boxed (Genetic Systems, personal communication). 

Each nucleotide was sequenced on average 5.3 times: ftS% of the sequence was determined on both strands and the remainder was sequenced 
at least twice from independent clones. The base composition is T. 22.2%; C t 17.8%; A. 35.8%; G. 24.2%; G + C, 42%. The dinucieottde CpG 
is greatly under-represented (0.9%) as is common among eutcaryotic sequences (Bird, 1980). 



The LTR 

The organization of a reconstructed LTR and viral flanking 
elements are shown schematically in Figure 3, The LTR is 
638 bp long and displays usual features (Chen and Barker, 
1984): it is bounded by an inverted repeat (5'ACTG) includ- 
ing the conserved TO dinucleotide (Temin, 1981); adjacent 
to 5' LTR is the tRNA primer binding site (PBS), com-' 
piementary to tRNA'^ (Raba et al. ( 1979); adjacent to 3' 
LTR is a perfect 15 bp polypurine tract. The other three 



polypurine tracts observed between nucleotides 
8200-8800 are not followed by a sequence that is com- 
plementary to that just preceding the PBS. 

The limits of U5, R, and U3 elements were determined - 
as follows. U5 is located between PBS and the polyadeny- 
lation site established from the sequence of the 3' end of 
oligo(dT)-primed LAV cDNA (Alizon et al., 1984). Thus U5 
is 84 bp long. The length of FUU5 was determined by syn- 
thesizing tRNA-primed LAV cDNA. After alkaline hydroly- 



Table i . Locations and Sizes of ViraJ Open Reading Frames 



ort 



1« Triplet Met Stop No. Amino Acids M f C alc - 



gag 312 336 1.836 500 55.841 

pel 1.631 1.934 4.640 (1,003) (113.629) 

orfQ 4.554 4.587 5.163 192 22,487 

env 5.746 5.767 8.350 861 97.376 

Off F 8.324 8.354 8^972 206 23 - 316 

The nucleotide coordinates refer to the first Oase of the first triplet p* triplet), of the first methionine (initiation) codon (Met) and of the stop cocon 
(Stop). The numbers ot amino acids and molecular weights are those calculated for unmodified precursor products starting at the first methionine 
through to the end, with the exception of pol, where the size and M, refer to that of the whole orf. 
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Figure 2. Comparison of the Genome Organization of LAV with Those 
of Human T Cell Leukemia; lymphoma Virus Type I (HTLV-I) (Seiki et 
at., 1983), Moloney Murine Leukemia Virus (MoMuLV) (Shinnick et al., 
1981), and Rous Sarcoma Virus (RSV) (Schwartz et al., 1983) 
The positions and sizes of viral genes are drawn to scale (open boxes) 
and the viral genomes (RNA forms) are delimited by brackets. 

sis of the primer, R+U5 was found to be 181 ±1 bp (Fig- 
ure 4). Thus R is 97 bp long and the cap site at its 5' end 
can be located. FinaJly, U3 is 456 bp long. The LAV LTR 
also contains characteristic regulatory elements: a poly- 
adenylation signal sequence AATAAA 19 bp from the R-U5 
junction, and the sequence ATATAAG, which is very likely 
the TATA box, 22 bp 5' of the cap site. There are no long 
direct repeats within the LTR. Interestingly, the LAV LTR 
shows some similarities to that of the mouse mammary tu- 
mor virus (MMTV) (Donehower et al., 1981). They both use 
tRNA'? as a primer for (-) strand synthesis, whereas all 
other exogenous mammalian retroviruses known to date 
use tRNAf" 0 (Chen and Barken 1984). They possess very 
similar polypurine tracts; that of LAV is AAAAGAAAAGG- 
GGGG while that of MMTV is AAAAAAGAAAAAAGGGGG. 
It is probable that the viral (+) strand synthesis is discon- 
tinuous since the polypurine tract flanking the U3 element 
of the 3'LTR is found exactly duplicated in the 3' end of orf 
pol, at 4331-4346. In addition, MMTV and LAV are excep- 
tional in that the U3 element can encode an orf. In the 
case of MMTV, U3 contains the whole orf while, in LAV, U3 
contains 110 codons of the 3' half of orf F. 

Viral Proteins 
gag 

Near the 5' extremity of the gag orf is a "typical" initiation 
codon (Kozak, 1984) (position 336), which is not only the 
first in the gag orf, but the first from the cap site. The 
precursor protein is 500 amino acids long. The calculated 
M r of 55,841 agrees with the 55 kd gag precursor poly- 
peptide (Luc Montagnier, unpublished results). The N- 
terminal amino acid sequence of the major core protein 
p25, obtained by microsequencing (Genetic Systems, per- 
sonal communication), matches perfectly with the trans- 
lated nucleotide sequence starting from position 732 (see 
Figure 1). This formally makes the link between the cloned 
LAV genome and the immunologically characterized LAV 
p25 protein. The protein encoded 5' of the p25 coding se- 
quence is rather hydrophilic. Its calculated M, of 14,866 is 
consistent with that of the gag protein pia The 3' part of 
the gag region probably codes for the retroviral nucleic 
acid binding protein (NBP). Indeed, as in HTLV-I (Seiki et 



Figure a Schematic Representation of the LAV Long Terminal Repeat 
(LTR) 

The LTR was reconstructed from the sequence of U19 by juxtaposing 
the sequences adjacent to the Hind III cloning sites. Sequencing of 
oligcKdTypnmed LAV DNA clone pLAV75 (Alizon et al.. 1984) rules out 
the possibility of clustered Hind 111 sites in the R region of LAV. LTR are 
limited by an inverted repeat sequence (IR). Both of the viral elements 
flanking the LTR have been represented as tRNA primer binding site 
(PBS) for 5' LTR and polypurine track (PU) for 3' LTR. Also indicated 
are a putative TATA box, the cap site, potyadenytation signal (AATAAA), 
and poJyadenylation site(CAA). The location of the open reading frame 
F (648 nucleotides) is shown above the LTR scheme. 

al., 1983) and RSV (Schwartz et al., 1983), the motif Cys- 
X 2 -Cys-X,-«-Cys common to ail NBP (Oroszlan et al., 1984) 
is found duplicated (nucleotides 1509 and 1572 in LAV se- 
quence). Consistent with its function the putative NBP is 
extremely basic (17% Arg + Lys). 
pot 

The reverse transcriptase gene can encode a protein of up 
to 1003 amino acids (calculated M r » 113,629). Since the 
first methionine codon is 92 triplets from the origin of the 
open reading frame, it is possible that the protein is trans- 
lated from a spliced messenger RNA, giving a gag-pol 
pory protein precursor 

The pol coding region is the only one in which signifi- 
cant homology has been found with other retroviral protein 
sequences, three domains of homolpgy being apparent. 
The first is a very short region of 17 amino acids (starting 
at 1856). Homologous regions are located within the pi5 
ga gRSv protease (Dittmar and Moelling, 1978) and a poly- 
peptide encoded by an open reading frame located be- 
tween gag and pol of HTLV-I (Figure 5) (Schwartz et al.. 
1983; Seiki et al., 1983). This first domain could thus cor- 
respond to a conserved sequence in viral proteases, its 
different locations within the three genomes may not be 
significant since retroviruses, by splicing or other mecha- 
nisms, express a gag-pol polyprotein precursor (Schwartz 
et al., 1983; Seiki et ai., 1983). The second and most ex- 
tensive region of homology (starting at 2048) probably 
represents the core sequence of the reverse transcrip- 
tase. Over a region of 250 amino acids, with only minimal 
insertions or deletions, LAV shows 38% amino acid iden- 
tity with RSV t 25% with HTLV-I, and 21% with MoMuLV 
(Schinnick et ai., 1981) white HTLV-I and RSV show 38% 
identity in the same region. A third homologous region is 
situated at the 3' end of the pol reading frame and corre- 
sponds to part of the pp32 peptide of RSV that has ex 
onuclease activity (Misra et ai., 1982). Once again, there 
is greater homology with the corresponding RSV se- 
quence than with HTLV-I. 
env 

The env open reading frame has a possible -n,r .vor 
methionine codon very near the beginning (eighth . f 
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Figure 4. Synthesis of RNA-Prime<J LAV cONA for R+U5 (Strong-Stop 
cONA) 

Lanes 1 and 2 show two different quantities of cONA white lanes M and 
M' represent markers. The strong-stop cONA is 181 bases long with a 
second, less intense band at 180. The error of estimation is ± 1 bp. This 
maps the major cap site to the second G residue of the sequence 
CTGGGTCT within the LTR. 24 nucleotides downstream of the TATA 
box. This guanosine residue ts taken as the first base in the nucleotide 
sequence shown in Figure 1. 

If so, the molecular weight of the presumed env precursor 
protein {861 amino acids, M r calc » 97,376) is consistent 
with the known size of the LAV glycoprotein (110 kd and 
90 kd after gtycosidase treatment; Luc Montagnier, unpub- 
lished). There are 32 potential N-glycosylation sites (Asn- 
X-Ser/Thr) ( which are overlined in Figure 1. An interesting 
feature of env is the very high number of Trp residues at 
both ends of the protein. There are three hydrophobic 
regions, characteristic of the retroviral envelope proteins 
(Seiki et al., 1983), corresponding to a signal peptide (en- 
coded by nucleotides 5815-5850 bp), a second region 
(7315-7350 bp), and a transmembrane segment (7831- 
7896 bp). The second hydrophobic region (7315-7350 bp) 
is preceded by a stretch rich in Arg + Lys. It is possible 
that this represents a site of proteolytic cleavage, which, 
by analogy with other retroviral proteins, would give an ex- 
ternal envelope polypeptide and a membrane-associated 
protein (Seiki et al., 1983; Kiyokawaet al., 1984). A striking 
feature of the LAV envelope protein sequence is that the 
region following the transmembrane segment is of un- 
usual length (150 residues). The env protein shows no 
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Figure 5. Location of a Short Stretch of Homology in the gag-pol Re- 
gion of the LAV, HTLV-I (Seiki et al.. 1963) and RSV (Schwartz et at.. 

1983) Genomes 

Conserved amino acids are boxed. Homologous region is shown by 
the solid bar in the schema. Each virus is organized differently in this 
region but the sequence in the RSV genome maps to piS 5 * 0 . which 
has a protease- associated function. 

homology to any sequence in protein data banks. The 
small amino acid motif common to the transmembrane 
proteins of all leukemogenic retroviruses (Ciancioto et al., 

1984) is not present in LAV env. 
O and F 

The location of orf Q is without precedent in the structure 
of retroviruses, Orf F is unique in that it is half-encoded 
by the U3 element of the LTR. Both orf have strong initiator 
codons (Kozak, 1984) near their 5' ends and can encode 
proteins of 192 amino acids (M r calc * 22,487) and 206 
amino acids (M r calc = 23,316). respectively. Both puta- 
tive proteins are hydrophilic (pQ 49% polar f 15.1% Arg + 
Lys; pF 46% polar, 11% Arg + Lys) and are therefore un- 
likely to be associated directly with membrane. The func- 
tion for the putative proteins pQ and pF cannot be 
predicted, as no homology was found by screening pro- 
tein sequence data banks. Between orf F and the pX pro- 
tein of HTLV-I there is no detectable homology. Further- 
more, their hydrophobicity/hydrophilicity profiles are 
completely different. It is known that retroviruses can 
transduce cellular genes— notably proto-oncogenes 
(Weinberg, 1982). We suggest that orfs Q and F represent 
exogenous genetic material and not some vestige of cellu- 
lar DNA because LAV DNA does not hybridize to the hu- 
man genome under stringent conditions (Aiizon et arT, 
1984), and their codon usage is comparable to that of the 
gag, pol, and env genes (data not shown). 

Relationship to Other Retroviruses 

Although LAV is both morphologically and biochemically 
(Barre-Sinoussi et al., 1983) distinct to HTLV-I and -II, it re- 
mained possible that its genome was organized in a simi- 
lar manner. The characteristic features of HTLV-I and -II 
genomes, which they share with the more distantly related 
bovine leukemia virus (BLV) (Rice et al., 1984), are not 
observed in the case of LAV. These are: a region 3' of 
the envelope gene consisting of a noncoding stretch 
(600-900 bp), followed by a coding sequence of 307-357 
codons (X open reading frame), which may slightly over- 
lap the U3 region of the LTR (Seiki et al. t 1983; Rice et al., 
1984; Sagata et al., 1984) and, second, the LTR being 
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Table 2. Comparison of the Size of the LAV LTR and LTR-Related 
Element to Those of Other Retroviruses 
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Adapted from Chen and Barker (1984). 
i « imperfect match or tract. 

SNV » spleen necrosis virus (Shimotohno and Temin, 1982). 



composed of unusually long U5 and R elements and the 
polyadenylation signal being situated in U3 instead of R 
(Seiki et al., 1983; Sagataet a!., 1984; Shimotohono et al. t 
1984). We show here that, in contrast, the 3' end of the LAV 
envelope gene overlaps an open reading frame, termed F, 
that has the coding capacity for 206 amino acids and ex- 
tends within the LTR (110 amino acids are encoded by the U3 
region). The putatively encoded polypeptide (pF), the pri- 
mary structure of which can be deduced, does not show 
any homology with the theoretical X gene products of the 
KTLV/BLV family. Also, the U5 and R elements are shorter 
(Table 2) and the polyadenylation signal is located within R, 
as is the case for all retroviruses except the HTLV/8LV. Ad- 
ditionally, LAV uses tRNA*** as (-) strand primer, as op- 
posed to tRNAP"* employed by all other mammalian retro- 
viruses except MMTV (Donehower et ah, 1981). Those 
homologies detected between the polymerase and pro- 
tease domains of LAV and HTLV are also found in several 
retroviruses, RSV in particular, 

It has been reported that a cloned HTLV-III genome 
hybridizes (T m *> 28°C) to sequences in the gag-pol and 
X regions of HTLV-I and -II; although restriction maps of 
cloned LAV and HTLV-III show almost perfect agreement 
(Hahn et al., 1984), we were unable to detect any such 
hybridization between LAV and HTLV-H (T m - 55°C) 
(Alizon et at., 1984). Indeed, there is a punctual region of 
homology between LAV and HTLV-I (23/27 nucleotides 
starting at position 1859 in the LAV sequence) but nothing 
significant between the two viruses in the X region of 
HTLV-I. One possible reason for this discrepancy is that 
HTLV-III is subtly different from LAV. However it was sub- 
sequently reported that there was very minimal, if any, ho- 
mology between off X (of HTLV-I) and HTLV-III (Shaw et al. , 
1984). 

Discussion 

Regulatory sequences carried by retroviral LTR are be- 
lieved to be involved in specific interactions between the 
viral genome and the host cell (Srinivasan et al., 1984). 
The LTR sequences of LAV are unique among retrovi- 
ruses. That could reflect an original mode of gene ex- 
pression, possibly in relation to particular transcriptional 
factors present in the virus-harboring cell. This hypothesis 
can be tested by studying the regulatory activity of the LAV 



LTR sequences in transient or long-term experiments in- 
volving an indicator gene and different cellular contexts. 

The presence of the Q and F reading frames in addition 
to the conventional gag-pol-env set of genes is unex* 
pected. One should now address the question of their role 
in the viral cycle and pathogenicity by trying to character- 
ize their protein product(s). It is tempting to speculate on 
a role of such polypeptide(s) in T4 celts' mortality, a prob- 
lem that can be studied by designing synthetic peptides 
for antibody production or by using site-directed mutagen- 
esis of Q and F coding regions. 

The peculiar genetic structure of LAV poses the ques- 
tion of its origin. The virus shares common tracts with other 
(apparently unrelated) retroviruses. For instance, the un- 
usually large size of the outer membrane glycoprotein 
(env) and a comparably sized genome are also observed 
in the case of lentiviruses such as Visna (Harris et al., 
1981; Querat et al., 1984). The presence of a large part of 
the F open reading frame in the LTR, and the use of 
tRNAf as a primer for (-) strand synthesis, is reminis- 
cent of the mouse mammary tumor virus. On the other 
hand, homologies in the pol gene would suggest that the 
LAV is closer to RSV than to any other retroviruses. Obvi- 
ously, no clear picture can be drawn from the DNA se- 
quence analysis as far as phylogeny is concerned. Thus, 
it may well be that LAV defines a new group of retroviruses 
that have been independently evolving for a considerable 
period of time, and not simply a variant recently derived 
from a characterized viral family. Both epidemiology and 
pathogeny of AIDS should be reconsidered with this idea 
in mind, when trying to answer such questions as these: 
Are there other human or animal diseases that are as- 
sociated with similarly organized viruses? Is there a precur- 
sor to AIDS-associated virus(es) normally present, in la- 
tent form, in human populations? What triggered in this 
case the recent spreading of pathogenic derivatives? 

Experimental Procedures 
M13 Cloning and Sequencing 

Total AJ19 DNA was sonicated, treated with the Klenow fragment of 
DNA polymerase plus deoxyribonucleotides (2 hr t 16*C), and fraction- 
ated by agarose gel electrophoresis. Fragments of 300-600 bp were 
excised, electroeluted, and purified by Elutip (Schleicher and Schuii) 
chromatography. DNA was ethanoi-precipitated using 10 »g dextran 
T40 (Pharmacia) as carrier and iigated to dephosphorylated. Sma i- 
cleaved Ml3mp8 RF DNA using T4 DNA and RNA ligases (16 hr, 16°C) 
and transfected into E. coii strain TG-l. Recombinant clones were de- 
tected by plaque hybridization using the appropriate "P-labeted LAV 
restriction fragments as probes. Single-stranded templates were pre- 
pared from plaques exhibiting positive hybridization signals and were 
sequenced by the dideoxy chain termination procedure (Sanger et al . 
1977) using »-"S*dATP (Amersham, 400 Ci/mmol) and butter gradient 
geis (Bigg en et al., 1983). Sequences were compiled and analyzed 
using the programs of Staden adapted by B. Caudron for the institut 
Pasteur Computer Center (Staden, 1982). 

Strong-Stop cONA 

LAV virions from infected T lymphocyte (Barre-Sinoussi et al . 1983) 
culture supernatant were pelleted through a 20% sucrose cushion and 
the cDNA (-) strand was synthesized as described previously (Ahzon 
et al., 1984) except that no exogenous primer was used. After aikanne 
hydrolysis (03 M NaOH, 30 min, 65°C), neutralization, and phenol ex 
traction, the cDNA was ethanoi-precipitated and loaded onto a 5°-o 
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acrylamide/8 M urea sequencing gel with sequence ladders as size 
markers. 
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ABSTRACT 

To examine the mechanism of lymphocytotoxicity induced by human T-lympho tropic 
virus type III/lymphadenopathy associated virus (HTLV-III/LAV), an in vitro 
model has been developed. Introduction of an HTLV-III/LAV proviral clone, 
HXB2, into normal lymphocytes results in the production of virions and cell 
death* The complete nucleotide sequence of the proviral form of HXB2 has now 
been determined* Its structure is quite similar to that previously determined 
for HTLV-III/LAV clones whose biological capacities had not previously been 
demonstrated. The biological function of two additional clones of HTLV-III/ 
LAV, BH10 and HXB3, are reported. Clone BH10 which lacks the 5 'long terminal 
repeat sequences (LTR) and a portion of the 3*LTR is reconstituted by substi- 
tuting the corresponding sequences of HXB2 and is shown to be capable of gener- 
ating infectious cytopathic virions. Clone HXB3, which has been partially 
sequenced, is also found to be capable of producing lyraphocytopathic virus. 
Clone HXB3 differs from HXB2 in its lack of a termination codon in 3'orf , dem- 
onstrating that 3*orf plays no major role in virus replication or cytopathic 
activity. These data provide the necessary background to allow the identifica- 
tion of viral determinants of replication, cytopathic activity, and antigenici- 
ty using these functional proviral clones. 



INTRODUCTION 

AIDS Is a devastating illness occurring as an epidemic with more than 
20,000 cases Identified thus far (1,2). It represents the most severe clinical 
manifestation of infection by HTLV-III/LAV, also designated AIDS-related virus, 
ARV (3) or human immunodeficiency virus, HIV (4), which is present in 1.0-2.0 
million individuals in the United States alone (5,6). There is overwhelming 
evidence that HTLV-III/LAV is the etiological agent in AIDS and AIDS-related 
syndromes (7-17). One of the most convincing lines of evidence is the recapit- 
ulation of TA cell depletion in vitro as a result of HTLV-III/LAV infection 
(18-20). Thus, an understanding of the mechanism(s) involved in lymphocyto- 
pathlc effects is paramount for understanding the pathogenesis of this disease. 
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A number of different recombinant DNA clones of HTLV-III/LAV have been 
obtained and analyzed by restriction enzyme digestion and/or nucleotide se- 
quencing (21-32) . This work has demonstrated that the viral genome is 9182- 
9213 nucleotides in length, with LTRs of 636-637 nucleotides, and at least 
seven genes. Three replicative genes include ^ag , pol , and env which are simi- 
lar to those in other retroviruses, though env is longer than that of other 
retroviruses (28*33). A fourth gene, designated tat , is structurally distinct 
from that of other retroviruses, and encodes a trans-acting factor capable of 
enhancing -virus expression in a positive feedback manner (34-40). A fifth gene 
has recently been identified, and has been named art or anti-repjessor of 
transactivation (41) or trs or trans-repressor of splicing (42). Two addition- 
al genes, designated short open reading frame ( sor ) and 3 'open reading frame 
( 3'orf ) are also unique to HTLV-III/LAV, but the functions of their gene prod- 
ucts are unknown (27-29,31,43-45). An additional open reading frame, designat- 
ed R, is also presumed to encode a protein product based on the finding of 
antibodies In Infected individuals reactive to these sequences expressed in E. 
coli (our unpublished observations with J. Ghrayeb). 

To define the functions of viral proteins and locate the sequences encod- 
ing the cytopathic factor(s), an in vitro model has been established (46). 
Cloned viral DNA sequences are introduced Into normal lymphocytes derived from 
umbilical cord blood using the protoplast fusion technique * Viral DNA, RNA, 
and proteins are readily detectable after 7-24 days, as well as virions morpho- 
logically identical to those arising from natural infection. Most notably, 
cell death occurs 18-30 days after transf ection. Thus, transfection of HTLV- 
III/LAV proviral DNA into normal lymphocytes results in the production of lym- 
phocytopathic virus, reproducing the major manifestations of infection observed 
both in the laboratory and in humans (18-20,46). 

This experimental system allows analysis of viral sequences required for 
the cytopathic activity by In vitro mutagenesis prior to transfection. To 
provide the necessary background for the construction of these mutants, and to 
gain further Insight into the structure of active viral proteins, we have de- 
termined the complete nucleotide sequence of the functional HTLV-III/LAV clone 
HXB2. In addition, we have ligated a previously sequenced HTLV-III/LAV clone, 
BH10 (28), to LTRs of HXB2 and have demonstrated that this clone also gives 
rise to cytopathic virus. 



MATERIALS AND METHODS 



Recombinant DNA Clones 



A single T4-positive cell line, H9» was inoculated with pooled blood sam- 
ples of different patients with AIDS or related symptoms (20). Recombinant 
phage clones XHXB2 and XHXB3 were derived from this infected cell line by clon- 
ing integrated proviral copies with flanking cellular sequences in the Xba I 
site of phage Jl (47). A 12.5 kilobase (kb) Hpa I - Xba I fragment of XHXB2 
was blunt-ended with Klenow fragment of DNA polymerase I and cloned into the 
similarly blunt-ended Bam HI to Eco RI sites of vector SP65gpt. The resultant 
clone HXB2gpt2 has the HTLV-III and xanthine guanine phosphoribosyltransf erase 
(gpt) sequences in the same transcriptional orientation. SP65gpt was con- 
structed by ligating the Bam HI - Pvu II fragment of pSV2gpt (48) into the Bam 
HI - Pvu II sites of SP65 (Promega Scientific). Other subclones of XHXB2 were 
made in SP65 and SP62 (New England Biolabs). 

XBH1Q was derived from the same infected cell line by cloning an uninte- 
grated viral copy in the Sat I site of Xgtwes-Xb (25). The 8933 nucleotide 
insert of XBH10 (nucleotides 222-9154, based on the numbering scheme in ref. 
28) was subcloned into the Set I site of SP64 (Promega Scientific). 

Plasmid HXB3 was constructed by subcloning the 13.0 kb Xba I insert of 
XHXB3 in the Xba I site of SP62. Clone HXB2/3gpt was made by replacing the 2.3 
kb Xho I - Xba I fragment of HXB2gpt with the 1.2 kb Xho I - Xba I insert of 
HXB3. 
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PNA Sequencing 

The entire HXB2 proviral sequence and about 300 nucleotides of 5' and 3' 
flanking cellular sequences were determined by the partial chemical cleavage 
method (49) except nucleotides 3306-3739, which were determined by the dideoxy 
chain termination method (50) . 

Assays for Cytopathlc Activity 

Cytopathic activity of viruses derived from proviral DNA clones was tested 
in normal umbilical cord blood mononuclear cells or a human T-lymphoc tropic 
virus type I immortalized nonproducer cell line, ATH8, as previously described 
(46,51,52). 10^ protoplasts carrying a plasmid DNA sequence were fused using 
polyethylene glycol with 2 x 10° phytohemagglutinin (PHA) stimulated cord blood 
mononuclear cells. Cultures were grown in RFMI-1640 medium (Gibco) supple- 
mented with 10% (v/v) fetal calf serum (FCS, Gibco), 10% (v/v) interleukin 2 
(IL2» lec tin-depleted; Cellular Products), 50 u/ml penicillin, and 50 ug/ml 
streptomycin (Gibco). Viable cell counts were determined using the trypan blue 
dye exclusion method (53) or by examination using phase contrast microscopy, at 
3-5 day intervals. 

Plasmids with the HTLV-IIl/LAV proviral sequences were also transfected 
into H9 cells by the protoplast fusion method. Virus preparations were made 
from 2-4 liters of cell-free supernatants of these cultures by centr ifugation 
at 100,000 x g for 1 hour at 4*C. The pellet was resuspended in RPMI-1640 
medium and diluted to a concentration of 10 particles/ml as determined by 
electron microscopy. Concentrated virus was then added in 0,2 ml of RPMI to 2 
x 10^ - 2 x 10 5 ATH8 cells pretreated for 30 minutes at 37°C with 2 ug/ml poly- 
brene. The virus was allowed to adsorb for 45 minutes at 37 °C, .and then the 
cultures were diluted to 2 ml with RPMI-1640 medium supplemented with 15Z (v/v) 
FCS, 5% (v/v) IL2, 50 u/ml of penicillin, 50 yg/ml streptomycin, 4 mM L-gluta- 
mine , and 50 iiM beta-mercaptoethanol , Cells were grown in Falcon 3033 tubes. 
At various time points, viable cell counts were determined by trypan blue dye 
exc lus ion. 



RESULTS 

The complete nucleotide sequence of clone HXB2 is shown in Figure 1. 
Seventy-nine nucleotide substitutions are noted compared to a previously se- 
quenced proviral clone, BH10 (28). Few if any of these sequence differences 
are likely to represent cloning artifacts or sequence errors since 1) these 
alterations were confirmed by DNA sequences from both strands of both clones, 
and 2) 82% of these changes are present in other previously sequenced HTLV- 
III/LAV clones (23,27-31). Of note is the lack of termination codons or frame- 
shifts within any of the previously described open reading frames. In addi- 
tion, two insertions in HXB2 relative to BH10 are in noncoding regions, and a 
single in-frame 36 bp deletion is present in the region of overlap between the 
gag and pol genes. The latter alteration represents a deletion of one of two 
copies of a perfect tandemly repeated sequence present in BH10. 

The functional capabilities of clone BH10 were also examined. Since this 
clone lacked the complete viral sequence, the missing portions were comple- 
mented by Chose obtained from clone HXB2 (Fig. 2a). The Cla I - Xho I insert 
of clone BH10 (nucleotides 374-8474, corresponding to amino acid residue 14 of 
gag to 44 of 3 1 orf ) was inserted in place of that at the same positions of 
clone HXB2gpt2. The resultant clone HXlOgpt could be distinguished from either 
BH10 or HXB2gpt2 by the presence of a Bgl II site at nucleotide position 20, a 
Sst I site at position 34, and Hind III sites at positions 78 and 9194 in 
HXlOgpt and UXB2gpt2 but absent from BH10, and the presence of a Sst I site at 
position 5580 and a Hind III site at position 5607 in HXB2gpt2 but absent from 
BH10 and HXlOgpt. Trans feet ion of HXlOgpt into umbilical cord blood lympho- 
cytes resulted in virions with morphology similar to those arising with infec- 
tion (Fig. 2b and 2c) . 
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Fig. 2 - Functional capabilities of clone BH10. a) To test the 
activity of clone BH10 a recombinant was constructed with 
HXB2gpt2. The Cla I - Xho I insert of BH10 was ligated 
into the corresponding positions of HXB2gpt2 to generate 
clone HXlOgpt. Bgl II, Sst I, and Hind III sites found in 
HX10 and/or HXB2 but not BH10 are indicated. The relative 
positions of these sites in the HTLV-III/LAV genome are 
shown by the schematic above the restriction enzyme maps. 
Nucleotide positions are indicated at the top* Electron 
micrographs of b) immature and c) mature viral particles 
identified 14 and 56 days, respectively, after transfec- 
tion of umbilical cord mononuclear cells by protoplast 
fusion (46) are shown (90,000x magnification)* 

Clone HXB3 was also tested for its biological activity (Fig. 3). Se- 
quences for the 3* portion of HXB3 have been determined; they differ from those 
of HXB2 between nucleotides 5323 and 9213 at 63 positions (23,54)* It is nota- 
ble that HXB3 lacks a termination codon at amino acid position 124 of 3'orf 
which is found in HXB2. A hybrid clone HXB2/3gpt was also constructed (Fig. 3 
and Materials and Methods section), replacing the last 163 codons of 3'orf and 
the 3 1 LTR with the corresponding sequences of HXB3. Transfection of HXB3 and 
HXB2/3gpt into cord blood mononuclear cells or H9 cells also gave rise to in- 
fectious virions with characteristic HTLV-III/LAV morphology. 



infect 

mids 

countj 

(Fig. 

testec 

moi • 

and H5 



protei 
of tht 
sequer 



62 



HXB3 



GAG | 



I POf 



R U5 

a a a 

11 1 



e 9 kb 
_i i 

r s'onr 



— ^- S 'C 



x x zx 



3'ORF 
STOP 
CODON 



HXB2 



a a a 

2 x x 



a a a 

il 1 



HXB2/3 



a a 

1 i 



a a 

2 ? 



Se- 
i those 
; nota- 
3'orf 
Fig. 3 
rf and 
B3 and 
to in- 



Fig» 3 - Functional HTLV-III/LAV DMA clones with or without a 
termination codon in 3'orf • The structure or clone HXB2 
which* includes a termination codon in 3'orf and clones 
HXB3 and HXB2/3 which lack this termination codon are 
shown. The positions of Hind III sites which distinguish 
the clones from one another are shown* In addition, the 
positions of Xho I and Xba I sites used for constructing 
the hybrid clone HXB2/3 are shown. Plasmids constructions 
are described in the Materials and Methods section* 



Assays of the cytopathic abilities of virus produced by these DNA clones 
were then carried out in umbilical cord blood mononuclear cell cultures and the 
ATH8 cell line. Transfection into umbilical cord blood mononuclear cells of 
SP65gpt, which lacks HTLV-III/LAV sequences, resulted in growth of the cell 
culture at a rate similar to that of an untransfected culture (Fig. 4 and data 
not shown, ref. 46)* Transfection of HXB2gpt2 resulted in the production of 
viral DNA, gag proteins, and viral particles with a morphology typical for that 
of HTLV-III/LAV, and an accelerated rate of cell death (Fig. 4)* Transfection 
of HXB3 produced a similar rate of cell killing as did HXB2gpt2. Introduction 
of HXlOgpt into cord blood mononuclear cells showed an attenuated rate of cell 
killing compared to HXB2gpt2 and HXB3, though it was reproducibly greater than 
that of SP65gpt. The diminished rate of cell death of cultures transfected 
with HXlOgpt correlated with the delay in the appearance of viral compared to 
cultures transfected with HXB2gpt (Fig* 2, ref. 46, and data not shown). 

Virus was prepared from the cell-free supernatant fluid of H9 cells either 
infected with an HTLV-III/LAV preparation (HTLV-IIIB) or transfected with plas- 
mids HXB2gpt2, HXlOgpt, or HXB3. These samples were then diluted by particle 
counts to give multiplicities of infection (moi) of 50-3000 virions per cell 
(Fig* 5)* In each of three separate experiments, a sample with no virus was 
tested as well as the same reference virus preparation, HTLV-IIIB, at varying 
moi. These data reveal that viruses derived from DNA clones HXB2gpt2, HXlOgpt, 
and HXB3 all produce cytopathic effects on human T cells. 

RESULTS 

In order to clarify relationships between structure and function of viral 
proteins encoded by the HTLV-III/LAV genome, the complete nucleotide sequence 
of the functional clone HXB2 has been determined* In addition, the previously 
sequenced clone BH10 (28), when ligated to LTRs of HXB2, is also shown to be 
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functional. The sequence of HXB2 differs from that of BH10 in only 79 nucleo- 
tides. Furthermore, insertions of 2 and 3 nucleotides, respectively, are found 
in noacoding regions. 
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■Cytopathic effects of functional HTLV-III/LAV DNA clones 
transfected into umbilical cord blood mononuclear cells. 
Plasmid clones SP65gpt, HXlOgpt, HXB2gpt , and HXB3 were 
transfected into cord blood mononuclear cells by proto- 
plast fusion as described in the Materials and Methods 
section. The number of viable cells in the cultures were 
determined over a period of 28 days following transfec- 
tion. 
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Expotur* to Virus 

Cytopathic effects of virus derived from HTLV-III/LAV DNA 
clones towards ATH8 cells. Samples of virus were prepared 
by tranfection of H9 cells with DNA clones HXB2gpt, 
HXlOgpt, or HXB3 as described in the Materials and Methods 
section. Different amounts of virus were added to ATH8 
cells, and the number of viable cells determined over a 
period of 10 days after infection. Panels a), b) , and c) 
each represent separate experiments. The same stock virus 
preparation, HTLV-IIIB (20), was used as a positive con- 
trol in each case. 
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One notable feature of clone HXB2 Is the loss of one copy of a tandemly 
repeated 36 bp sequence in the overlap between the gag and the pol genes, 
whereas most othej: sequenced clones, Including BH10, have two copies of this 
sequence. This pattern of insertion or deletion of perfect or imperfect re- 
peated DNA sequences is a common mode of variation of HTLV-III/LAV sequences, 
most likely occurring as a result of jumps by the reverse transcriptase during 
synthesis of DNA intermediates. Furthermore, the presence of one or two copies 
of this 36 bp sequence does not have a major influence over the rate of virus 
replication, and, thus, it does not perturb f rameshif ting which most likely, 
occurs near this region in the synthesis of the gag-pol precursor protein. 

The similarity of the structure of the functional clone HXB2 to that of 
BH10, and the demonstration that clone BH10 is functional, reaffirms interpre- 
tations based on the BH10 sequence data (28) and subsequent analysis of cDNA 
clones (27,35). The multiple open reading frame identified in the viral genome 
of previously sequenced clones are also found in the functional clone HXB2 are 
similar in size and position. Furthermore, no additional open" reading frames 
are found in HXB2 which are absent from the other DNA clones. The recent re- 
port that the previously sequenced clone ARV-2 is also functional provides 
further support for these conclusions (55). 

The identification of additional functional clones of HTLV-III/LAV provide 
clues for unravelling the biochemical basis of virus .explication and cell kill- 
ing. Clone HXlOgpt revealed attenuated cytopathic effects after transfection 
into cord blood mononuclear cells, which correlated with a delay in the appear- 
ance of viral particles. However, infection with virus derived from this plas- 
mid clone revealed substantial cytopathic effects. Thus, the results in cord 
blood mononuclear cells are most likely due to either a lower transfection 
efficiency achievable with this clone, or mildly reduced infectivity of virus 
obtained from this clone in cord blood mononuclear cells, rather than a true 
reduction in the cytopathic potential of this genome per se. 

Clone HXB3 also gives rise to cytopathic virus after transfection into 
cord blood mononuclear cells. The kinetics of virus production and cell kill- 
ing are comparable to those of cultures transfected with HXB2gpt2. Virus de- 
rived from HXB3 also showed substantial cytopathic effects on ATH8 cells. 
Though only a portion of the sequence of HXB3 has been determined, it appears 
to be very similar to that of HXB2 (23,54). However, clone HXB2 has a termina- 
tion codon at amino acid codon 124 in the 206 codon 3 'orf gene, whereas clone 
HXB3 has a tryptophan codon at this position (54). The normal 3 'orf product 
has been shown to be 27 kllodaltons (kd), whereas that generated from HXB2 is 
truncated and is 13 kd (42). This suggests that functions encoded by the sec- 
ond half of the 3 1 orf gene are nonessential. This is confirmed by the demon- 
stration of similar functional activity of clone HXB2/3gpt in which only amino 
acids 43-206 of HXB2 3'orf are replaced by those derived from HXB3. Recent 
data have also demonstrated that deletions and frameshifts between amino acid 
codons 22 and 58 of 3 'orf also do not affect the functional capabilities of the 
DNA clone (56). Thus, 3 'orf is not required for in vitro replication or cyto- 
pathic activity. 

The establishment of an in vitro system for AIDS, the identification of 
functional clones of HTLV-III/LAV, and the determination of the complete nucle- 
otide sequence of functional clones provide the necessary tools and information 
for dissection of the viral genome to uncover the determinants of cytopathic 
activity and virus replication. By manipulating the genome of HXB2 to produce 
mutations in the virus, and analyzing the effects of such alterations in our in 
vitro system, we have recently mapped a major determinant of the cytopathic 
activity of HTLV-III/LAV to the 3' region of the virus (56). The use of molecu- 
lar clones AIDS virus as shown here will also provide* homogeneous stocks of 
virus useful for analysis of viral targets of cellular and humoral immunity. 



ACKNOWLEDGEMENTS 

This work was supported by a grant to L.R. from the American Foundation 
for AIDS Research. 



65 



The authors thank G, Shaw, B, Hahn, B. Starcich, S.F. Josephs, S. Broder, 
and J.B, Thielan for assistance and helpful discussions, M. Feinberg for the 
gift of HXB2gpt2, and M. Gonda for the electron micrographs. 



10. 



11. 



12. 



13. 



14. 



15. 



REFERENCES 

CURRAN, J.W, (1985). Ann. Intern. Med. 103, 657. 

CURRAN, J.W., MORGAN, M. , HARDY, A.M., JAFFE, H.W., D ARROW, W.W., and 
DOWDLE, W.R. (1985). Science 229, 1352. 

LEVY, J. A., HOFFMAN. A.D., KRAMER, S.M., LANDIS, J. A. , SHIMQBUKURO, J.M., 
and OSHIRO, L.S. (1984). Science 225, 840. 

COFFIN, J., HAASE, A., LEVY, J,A., MONTAGNIER, L. , 0R0SZ0LAN, S., TEICH, 
N. , TEMIN, H., TOYOSHIMA, K. , VARMUS, H. , VOGT, P., and WEISS, R. (1986). 
Nature 321, 10. 



REDFIELD, R.R., WRIGHT, D.C., and TRAMONT, E.C. (1986), 
314, 131. 



N. Engl. J, Med. 



SIVAK, S.L., and WORMS ER, G.P. (1985). N. Engl. J. Med. 313, 1352. 

BARRiG-SINOUSSI, F. , C HERMANN, J.-C*, REY, R. , NUGEYRE, M.T., CHAMARET, S., 
GRUEST, J. , DAUGUET, C, AXLER-BLIN, C, Vt ZINET-BRUN, R. , ROUZIOUX, C., 
ROZENBAUM, W., and MONTAGNIER, L. (1983), Science 220, 868. 

CURRAN, J.W., LAWRENCE, D*N. , JAFFE, H., KAPLAN, J.E., ZYLA, L.D., CHAM- 
BERLAND, M. , WEINSTEIN, R. , LUI, K.-J., SCHONBERGER, L.B., SPIRA, T.J., 
ALEXANDER, J., SWINGER, G, t AMANN, A., SOLOMON, S., AUERBACH, 0., MILD VAN, 
D,, STONEBURNER, R. f JASON, J.M., HAVERXOS, H.W., and EVATT, B.L. (1984). 
N. Engl. J. Med. 310, 69. 

FEORINO, P.M., KALYANARAMAN, V.S., HAVERKOS, H.W., CAB RAD I L LA, CD., WAR- 
FIELD, D.T., JAFFE, H.W., HARRISON, A.K., GOTTLIEB, M.S., GOLDINGER, D. , 
CHERMANN, J.-C,, BARRf-SINOUSSI , F. f SPIRA, T., McDOUGAL, J.S., CURRAN, 
J.W., MONTAGNIER, L. , MURPHY, F.A., and FRANCIS, D.P. (1984), Science 
225, 69-72. 

GALLO, R.C., SALAHUDDIN, S.Z., POPOVIC, M. , SHEARER, G.M. , KAPLAN, M. , 
HAYNES, B.F., PALKER, T.J., REDFIELD, R., OLESKE, J,, SAFAI, B,, WHITE, 
G. , FOSTER, P., and MARKHAM, P.D. (1984). Science 224, 500. 

KALYANARAMAN, V.S., CABRADILLA, C.D., GETCHELL, J. P., NARAYANAN, R,, 
BRAFF, E.H., CHERMANN, J.-C,, BARRf -SINOUSSI , F. , MONTAGNIER, L., SPIRA, 
T.J., KAPLAN, J., FISHBEIN, D., JAFFE, H.W., CURRAN, J.W., and FRANCIS, 
D.P. (1984). Science 225, 321. 

KAMINSKY, L.S., McHUGH, T., STITES, D, , VOLDERBING, P., HENLE, G. , HENLE, 
W., and LEVY, J.A. (1985). Proc. Natl, Acad. Sci. USA 82, 5535. 

KITCHEN, L-W., BARIN, F.» SULLIVAN, J.L., McLANE, M.F., BRETTLER, D.B., 
LEVINE, P.H., and ESSEX, M. (1984). Nature 312, 367. 

LAURENCE, J., BRUN-VfiZINET, F • , SCHUTZER, S.E., ROUZIOUX, C, KLATZMANN, 
D. , BARRfi-SINOUSSI, F., CHERMANN, J.-C., and MONTAGNIER, L. (1984). N. 
Engl. J. Med. 311, 1269. 

SAFAI, B., GROOPMAN , J.E., POPOVIC, M. , SCHUPBACH, J., SARNGADHARAN , M.G., 
ARNETT, K. , SLISKI, A., and GALLO, R.C. (1984). Lancet i, 1438. 



16. S, 

D 1 
P 



17. 



( 



18. B* 

7i 



19. 



20. 



21. 



GI 
J 

P> 
ei 

a: 



22. Bl 

Fi 
9< 



23. 



24. 



CI 
SI 



Hi 
R. 



25. 

ST 



26. 
27. 



Lt 

N* 



Ml 
ar 



28. 

SE 
I\ 
T . 
Ns 

29. 

H. 



30. 



31- 



SI 
H. 



WA 

Ce 



32, WO 
MA 



33. 



SC 
an 



66 



16, SALAHUDDIN, S.Z., MARKHAM, P.D., POPOVIC, M. , SARNGADHARAN, M.C, ORN- 
DORFF, S., F LAD AGAR, A., PATEL, A., GOLD, J., and GALLO, R.C (1985), 
Proc. Natl. Acad. Sci. USA 82, 5530. 

17. SARNGADHARAN, M.C, POPOVIC, M. , BRUCH, L., SCHUPBACH, J., and GALLO, R.C 
(1984). Science 224, 506. 



18. BOWEN, D.L., LANE, H.C , and FAUCI, A.S. (1985). 
704, 



Ann. Intern. Med. 103, 



19. KLATZMANN, D., BARRE-SINOUSSI , F. , NUGEYRE, M.T., DAUGUET, C., VILMER, E . , 
GRISCELLI, C, BRUN-VEZ INET , F. , ROUZIOUX, C, GLUCKMAN, J,E., CHERMANN, 
J.-C, and MONTAGNIER, L. (1984). Science 225, 59. 

20. POPOVIC, M., SARNGADHARAN, M.C, READ, E • , and GALLO, R.C, (1984). Sci- 
ence 224, 497. 

21. ALIZON, M. t SONIGO, P., BARRf-SINOUSSI , F., CHERMANN, J.-C, TIOLLAIS, P., 
MONTAGNIER, L, , and WAIN-HOBSON, S. (1984). Nature 312, 757. 

22. BENN, S., RUTLEDGE, R., FOLKS, T. , GOLD, J., BAKER, L. , McCORMICK, J., 
FEORINO, P., PIOT, P., QUINN, T., and MARTIN, M. (1985). Science 230, 
949, 

23. CROWL, R., GANGULY, K. , GORDON, M. , CONROY, R. , SCHABER, M, , KRAMER, R., 
SHAW, G., WONG-STAAL, F. , and REDDY, E.P. (1985). Cell 41, 979. 

24. HAHN, B.H. , GONDA, M.A., SHAW, G.M., POPOVIC, M. , HOXIE, J.A,, GALLO, 
R.C, and WONG-STAAL, F. (1985), Proc. Natl. Acad. Sci. USA 82, 4813. 

25. HAHN, B.H., SHAW, G.M., ARYA, S,K. , POPOVIC, M., GALLO, R.C. , and WONG- 
STAAL, F. (1984), Nature 312, 166. 

26. LUCIW, P.A., POTTER, S.J., STEIMER, K. , DINA, D, , and LEVY, J. (1984). 
Nature 312, 760. 

27. MUESING, M.A. , SMITH, D.A. , CABRADILLA, CD. , BENTON, C.V., LASKY, L.A., 
and CAPON, D.J. (1985). Nature 313, 450. 



U M., 
VHITE, 



, R., 

5PIRA, 
\NCIS, 



(ENLE, 
D.B., 



MANN, 
N. 



4.G., 



n 



28. RATNER, L., HASELTINE, W. , PATARCA, R. , LIVAK, K.J., STARCICH, B., JO- 
SEPHS, S.F., DORAN, E.R., RAF AL SKI , J. A., WHITEHORN, E.A, , BAUMEISTER, K. , 
1VANOFF, L., PETTEWAY, S.R., PEARSON, M.L., LAUTENBERGER , J.A., PAPAS, 
T.S., GHRAYEB, J., CHANG, N.T., GALLO, R.C, and WONG-STAAL, F. (1985). 
Nature 313, 277-284. 

29. SANCHEZ-PESCADOR, R., POWER, M.D., BARR, P.J., STEIMER, K,S., STEMPIEN, 
M.M., BROWN-SHIMER, S.L., GEE, W.W., RENARD, A., RANDOLPH, A., LEVY, J.A., 
and LUCIW, P.A. (1985). Science 227, 484. 

30. STARCICH, B.R., HAHN, B.H,, SHAW, CM., MODROW, S., JOSEPHS, S.F., WOLF, 
H. t GALLO, R.C, and WONG-STAAL, F. (1986). Cell 45, 637. 

31. WAIN-HOBSON, S., SONIGO, P., DANOS , 0., COLE, S., and ALIZON, M. (1985). 
Cell 40, 9. 

32. WONG-STAAL, F. , SHAW, CM. , HAHN, B.H. , SALAHUDDIN, S.Z., POPOVIC, M. , 
MARKHAM, P., REDFIELD, R. , and GALLO, R.C. (1985). Science 229, 759. 

33. SCHUPBACH, J., POPOVIC, M., GILDEN, R.V., GONDA, M.A., SARNGADHARAN, M.C, 
and GALLO, R.C (1$84). Science 224, 503. 



67 



34. SIEGEL, L.J., RATNER, L. > JOSEPHS, S.F. , DERSE, D. , FEINBERG, M. , REYES, 
C, O'BRIEN, S.J., and WONG-STAAL, F. (1986). Virology 148, 226. 

35. ARYA, S.K. , GUO, C. , JOSEPHS, S.F., and WONG-STAAL, F. (1985). Science 
229, 69. 

36. DAYTON, A.I., SODROSKI, J.G. , ROSEN, C.A. , GOH, W.C. , and HASELTINE, W.A. 
(1986). Cell 44, 941. 

37. FISHER, A.G., FEINBERG, M.B. , JOSEPHS, S.F., HARPER, M.E. , MARSELLE, L.M. , 
REYES, G. , GONDA, M.A. , ALDOVINI, A., DEBOUK, C, GALLO, R.C, and WONG- 
STAAL, F. (1986). Nature 320, 367. 

38. ROSEN, C.A., SODROSKI, J.G. , GOH, W.C, DAYTON, A.I., LIPPKE, J., and 
HASELTINE, W.A. (1986). Nature 319, 555. 

39. ROSEN, C.A. , SODROSKI, J.G. , and HASELTINE, W.A. (1985). Cell 41, 813. 

40. SODROSKI, J.G., ROSEN, C.A. , WONG-STAAL, F. » SALAHUDDIN, S.Z., POPOVIC, 
M., ARYA, S., GALLO, R.C, and HASELTINE, W.A. (1985). Science 225, 171. 

41. SODROSKI, J., GOH, W.C. f ROSEN, C. , DAYTON, A., TERWILLIGER, E. , and HA- 
SELTINE, W. (1986). Nature 321, 412. 

42* FEINBERG, M.B., JARRETT, R.F., ALDOVINI, A., GALLO, R.C, and WONG-STAAL, 
F. (1986). Cell 46, 807. 

43. ALLAN, J., COLIGAN, J.E. , LEE, T.H., McLANE, M.F., KANKI, P.J., GROOPMAN, 
J.E., and ESSEX, M. (1985). Science 230, 810. 

44. KAN, N.C, FRANCHINI, C, WONG-STAAL, F. , DuBOIS, CC, ROBEY, W.G., LAU- 
TENBERGER, J. A., and PAPAS, T.C (1986). Science 231, 1553. 

45. LEE, T.-H*, COLIGAN, J.E., ALLAN, J.S., McLANE, M.F., GROOPMAN, J.E., and 
ESSEX, M. (1986). Science 231, 1546. 

46. FISHER, A.M., COLLALTI, E. , RATNER, L. , GALLO, R.C, and WONG-STAAL, F. 
(1985). Nature 316, 262. 

47. SHAW, CM. , HAHN, B.H. , ARYA, S.K. , GROOPMAN, J.E. , GALLO, R.C, and WONG- 
STAAL, F. (1984). Science 226, 1165. 

48. MULLIGAN, R.C , and BERG, P. (1981). Proc. Natl. Acad. Sci. USA 78, 2072. 

49. MAXAM, A.M., and GILBERT, W. (1980). Methods Enzymol. 65, 499. 

50. SANGER, F. , NICKLEN, S., and COULSON, A.R. (1977). Proc. Natl. Acad. Sci. 
USA 74, 5463. 

51. MITSUYA, H., and BRODER, S. (1986). Proc. Natl. Acad. Sci. USA 83, 1911. 

52. MITSUYA, H. ,WEINH0LD, K. J. , FURMAN, P. A., ST. CLAIR, M.H. , LEHRMANN, S.N., 
GALLO, R.C, BOLOGNESI, D. , BARRY, D.W. , and BRODER, S. (1985). Proc. 
Natl. Acad. Sci. USA 82, 7096. 

53. PATTERSON, M.K. (1979). Methods Enzymol. 58, 141. 

54. RATNER, L. , STARCICH, B. , JOSEPHS, S.F. , HAHN, B.H., REDDY, E.P., LIVAK, 
K.J., PETTEWAY, S.R. , PEARSON, M.L. , HASELTINE, W.A. , ARYA, S.K., and 
WONG-STAAL, F. (1985). Nucl. Acids Res. 13, 8219. 



55. 



56. 



68 



f 



REYES, 
Science 

w.a. 



L.M. , 

WONG- 



and 



13, 

POVIC, 
171. 

id HA- 



JTAAL, 
>PMAN, 
LAU- 



55. LEVY, J. A., CHENG-MAYER, C. , DINA, D. , and LUCIW, P. A- (1986), Science 
232, 998. 

56. FISHER, A.G.» RATNER, L* , MITSUYA, H. , MARSELLE, L.M., HARPER, M.E., BRO- 
DER, S., GALLO, R.C. , and WONG-STAAL, F. (1986). Science 233, 655. 

Address reprint requests to: 
Dr. Lee Ratner 
Division of Hematology and Oncology 
Box 8125, 660 S. Euclid 
Washington University 
St. Louis, MO 63110 



, and 



F. 



VONG- 



:072. 



Sci. 



11. 

.N. , 

roc. 



MK, 
and 



69 



